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Kurzfassung
Ziel der vorliegenden Arbeit war es, positionstolerante, effiziente und universell einsetzbare
Koppelstrukturen für die Übertragung von Licht aus monomodigen optischen Fasern in inte-
grierte monomodige Wellenleiter aus Polymeren zu ermöglichen. Die in dieser Arbeit vorge-
stellten Schnittstellen bilden einen Teilbereich des optischen Packaging. Es ist zu erwarten, dass
der Bedarf an integrierten optischen Komponenten in den nächsten Jahrzehnten weiter zuneh-
men wird. Sowohl die Datenkommunikation mit dem zunehmenden Übergang zur optischen
Datenübertragung nicht nur für Fiber-to-Home Anwendungen, sondern auch auf Board- oder
Chip-Level, als auch neue Anwendungen in der optischen Sensorik erfordern robuste Packa-
ging Lösungen. Optische Lab-on-a-Chip Systeme könnten in Zukunft dabei helfen, Daten
über Umweltgrößen sowohl im Gesundheitswesen oder in der Umweltanalytik schnell und
effizient zu erheben. Integrierte optische Lösungen nutzen bis jetzt häufig ein Silicon-on-
Insulator Prinzip, wobei zur Herstellung auf bereits etablierte Fertigungstechnologien für Lo-
gik und Speicher Halbleiterbauelemente zurückgegriffen werden kann. Einige Anwendungen in
der Point-of-Care Diagnostik erfordern auf Grund ihres Wirkungsprinzips Sensoren mit Trans-
ducerelementen, welche nur einmal zum Einsatz kommen können. Für die Herstellung solcher
Tranducerelemente ist es denkbar, Polymere für fast alle Systemkomponenten zu verwenden.
Polymere erlauben die Anwendung alternativer Strukturierungsmethoden, beispielsweise der
Nanoimprint Lithographie. In dieser Arbeit sollte die Direktstrukturierung von Polymeren mit-
tels Nanoimprint Lithographie genutzt werden, um Koppelelemente für integrierte Wellenleiter
herzustellen. Direktstrukturierung bedeutet dabei, dass die hergestellten Strukturen nicht, wie
in anderen Fotolithographieverfahren üblich, als Maskierungsschicht für Folgeprozesse genutzt
werden, sondern selbst die funktionellen Elemente darstellen. Die Nanoimprint Lithographie
besitzt dabei sowohl die Fähigkeit, Strukturen in Nanometerbereich als auch solche mit unter-
schiedlichen Strukturhöhen in einen Schritt zu replizieren. Diese einzigartigen Eigenschaften
wurden in dieser Arbeit verwendet, um in einem Wellenleiter integrierte Gitter zu strukturie-
ren, welche im Folgenden als Koppelelemente genutzt werden können. Betrachtungen zum
optischen Verhalten von polymeren Wellenleitern und Gitterkopplern sind die Basis für alle
folgenden Arbeiten. Die erhaltenen Ergebnisse bezüglich der herzustellenden Strukturgrößen
für Wellenleiter und Gitterkoppler sind spezifisch für das betrachtete Materialsystem und nicht
in anderen Veröffentlichungen enthalten. Die gewählte Architektur erlaubt dabei sowohl eine
einfach Herstellung als auch eine höhere Effizienz als bisher in der Literatur vorgeschlagene
Konzepte. Die Arbeit stellt weiterhin alle Schritte zur Herstellung eines geeigneten Masters,
dessen Abformung in einen sogenannten Arbeitsstempel, als auch dessen Replikation, den ei-
gentlichen Imprint, vor. Besonders die Herstellung eines geeigneten Arbeitsstempelmaterials
ist dabei von entscheidender Bedeutung und wird im Detail diskutiert. Die Verwendung einer
Arbeitsstempels erlaubt eine kostengünstige Replikation der Strukturen und schont zudem eine
aufwendig hergestellte Masterstruktur. Die Polymerstrukturen wurden hinsichtlich technolo-
gisch relevanter Größen analysiert, woraus eine Prozessoptimierung abgeleitet werden konnte.
Die optische Charakterisierung ist ebenfalls Bestandteil der Arbeit. Sie bestätigt die simu-
lativ erhaltenen Daten, erweitert den Problemkreis allerdings auch um zuvor vernachlässigte
Aspekte. Auf offenen Fragen sowie weiteres Optimierungspotential wird am Ende der Arbeit
eingegangen. Zusammenfassend leistet diese Arbeit einen Beitrag zur Schaffung von Koppel-
v
elementen für integrierte optische Chips aus Polymeren. Das vorgestellte Design benötigt nur
eine minimale Anzahl an Fertigungsschritten und ist dennoch in der Lage die Leistungsfähig-
keit der bisher in der Literatur vorgestellten Lösungen zu verbessern. Die Strukturen erlauben
eine breite Einsetzbarkeit und können als wiederverwendbare Bausteine in spätere Layouts in-
tegriert werden. Die Fertigungstechnologie ist zudem skalierbar und erlaubt prinzipiell auch
eine Massenfertigung der vorgestellten Koppelelemente.
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Abstract
The aim of the present work was to design and fabricate all purpose, positioning-tolerant and
efficient interconnects between single-mode fibers and integrated waveguides out of polymers.
The developed structures are part of the optical packaging of integrated optical chips. Integrated
optics have gathered tremendous interest throughout recent years from research as well as from
the industry, and most likely the demand will further grow in the future. Today’s trend is to
establish optical data communication not only in far-distance transmission but also in end-user
or so called fiber-to-home configurations, or, in the near future, also on board or even chip level.
In addition, integrated optical sensors are gaining more and more importance. In the future, lab-
on-a-chip systems may be able to simplify and accelerate analysis methods within health care or
allow for a continuous monitoring of almost any environmental variable. All these applications
call for robust optical packaging solutions.
Many integrated optical chips are using a silicon-on-insulator design. Technologies which
were originally intended for the manufacturing of integrated circuits can be utilized for the
fabrication of such silicon-on-insulator chips. Point-of-care testing, which is a considerable
part of bio-sensing, in some cases only allows the use of disposable transducer elements. The
fabrication of these transducers, also including almost all other system parts, may be possible
using polymers. Alternative fabrication methods like nanoimprint lithography can be applied
for the patterning of polymers. With these, the extension of already known working principles
or even entirely new device architectures become feasible for mass production.
The direct patterning of polymers by means of nanoimprint was used to fabricate intercon-
nects for integrated waveguides. In contrast to conventional lithography approaches, where a
patterned resist layer is used as a masking layer for subsequent process steps, direct patterning
allows the immediate use of the structures as functional elements. Firstly, nanoimprint allows
diffraction-unlimited patterning with nanometer resolutions as well as the replication of com-
plex three-dimensional patterns. These unique properties were used within this work to pattern
shallow gratings atop an integrated waveguide within only one single manufacturing step. The
gratings are used as coupling elements and can be utilized either to couple light from external
elements to the chip or vice versa. Considerations regarding the optical effects on single-mode
polymer waveguides as well as grating couplers were obtained from simulation. They are spe-
cific to the chosen design and the used polymer and cannot be found elsewhere so far. Compared
to similar designs and fabrication strategies proposed in literature, the ones followed here al-
low for a higher efficiency. The dimensions and process windows obtained from simulation
did serve as a basis for the subsequent fabrication of the grating couplers. All steps which are
necessary to turn the calculated design into reality, ranging from master fabrication, to working
mold cast and imprint, are shown in detail. The use of a working mold strategy is of crucial
importance for the fabrication process and is discussed in detail. The use of a working mold
preserves a costly master and further allows for a cost-efficient production. Parameters which
are relevant for the production as well as for the final polymer patterns were analyzed and dis-
cussed. On the basis of the obtained data, a process optimization was performed. The optical
characterization was also part of the presented work. A comparison with the results obtained
from simulation is included and additional effects were revealed. Most of them may be subject
to further improvement in future designs.
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In summary, the present work contributes to the field of optical packaging. It shows a viable
route for the design and fabrication of interconnects of single-mode polymer waveguides. The
presented design can be used as a building block which can be placed at almost any positions
within an integrated optical chip. The fabrication method includes a minimum number of pro-
cess steps and is still able to increase performance compared to similar approaches. Moreover,
all process steps allow for scaling and are potential candidates for mass production.
viii
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1 Introduction
Integrated optics have changed our everyday life during the recent decades. Most of the struc-
tures produced within integrated optics are intended to be used in the telecommunication mar-
ket. Silica fibers transfer most of the world’s data volume over long distances today. Due
to the rapid proliferation of networks, especially the Internet, the need for optical commu-
nication solutions including so-called fiber-to-home applications to provide huge bandwidth
capabilities is tremendous [1]. Miniaturization and the application of cheap and reliable man-
ufacturing technologies is inevitable to lower device costs and to make lab-based technologies
available to a broad market. Optical technologies can also be used for sensing applications
ranging from every-day applications like cash desk scanners, distance monitoring systems, to
three-dimensional fluid stream monitoring. As the 21st century is supposed to be the century
of the photon, many further applications are under intensive investigation. Label-free point of
care testing is one possible option for bio-sensing [2]. The goal is to be able to test or monitor
various variables in a faster and more flexible manner. Health monitoring has attracted a lot of
attention throughout recent years, as it is seen to possibly lower health care costs of our over-
aging society. In the future, smart phones may be able to monitor glucose levels and oxygen
concentrations as well as heart rate and blood pressure at the initial state.
Optical sensors offer a wide variety of different transducer principles. Surface plasmons, res-
onant cavities and photonic crystals are a few examples which have already been utilized for
sensing applications. Integrated optical elements may be embedded into standard integrated
circuit (IC) manufacturing schemes, allowing for mass production. In addition, polymer-based
integrated optics are gaining more and more attention, offering a broad wavelength range of
operation and a wide variety of tunable materials. Furthermore, they allow for the application
of cheaper production technologies.
Microring resonators (MRRs) in polymers are interesting transducer elements. They allow the
integration of high-quality resonant cavities which can be detuned by an analyte. In particular
MRRs using a strip waveguide architecture potentially offer high sensitivity because of their
large interaction area. Polymer MRRs can be fabricated by standard proximity patterning [3]
or laser direct-write (LDW) [4]. Moreover, they can be fabricated by nanoimprint lithography
(NIL), a replication technology which offers diffraction unlimited resolution in conjunction
with a large area patterning capability. This may allow for low-cost mass production. First
works used thermal-based NIL (T-NIL) [5, 6], while others utilized UV-based NIL (UV-NIL)
[7] and were able to achieve quality factors as high as 50.000. However, for a full integration
of optical sensors, which will include sources, transducers and detectors, many problems still
have to be solved. One of them is the efficient and robust interconnection of polymer integrated
waveguides with single-mode fibers. This is the main focus of this work.
All the results shown in this work are, to a certain degree, related to two accompanying PhD
works dealing with optical design and sensing using polymer MRRs [8] and their fabrication
using NIL [9].
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1.1 Integrated Optical Systems
Light can be modulated in space, time and of course depending on its wavelength. The growing
knowledge of the underlying physical effects of modulation allows the specific use of light for
various applications. Understanding light as a ray, a wave or a photon enabled lenses, imaging
optics, waveguides, lasers and many more. The trend of miniaturization, trying to either shrink
the size of a system or to integrate more functions within the same space, is also present in
optics. Miniaturized optical systems, often referred to as integrated optics, are able to represent
many active or passive functions and shrink bulky equipment. The goal is to integrate as many
functionalities as possible. This includes light generation, light guiding and manipulation by
transducers as well as light detection within one system. Unfortunately, this is a very difficult
task from the production point of view. Moreover, the characteristics of integrated optical el-
ements are often worse than the ones of stand-alone solutions. These two factors often make
interconnects for the coupling of light to or from an integrated optical chip necessary. Optical
packaging, i.e. interfacing different parts of an integrated optical system, represents a difficult
task.
Originating from IC manufacturing, silicon is one of the main materials used for the fabrica-
tion of integrated optics. Usually, silicon wafers with a buried silicon oxide cladding layer and
a silicon guiding layer on top are used. This stack architecture is known as silicon on insulator
(SOI). Thanks to the high refractive index contrast (nSi = 3.48, nSiO2 = 1.45 at λ =1.55 nm
[10]), guided modes can show high confinement. This allows the use of ultra-small waveguide
geometries, narrow bends and therefore a very high integration density as will be discussed in
detail in section 2.1. However, ultra-small waveguide geometries demand state-of-the-art fab-
rication technology. This is, in particular, needed to reduce the surface roughness, as this is
one major contributor to losses in silicon waveguides. For the fabrication of resonant optical
cavities, e.g. MRRs, loss is critical as it directly diminishes the device performance, given by
the quality factor. Furthermore, silicon becomes absorbing in the visible range of light and is
therefore only suitable for applications using near infrared light (NIR). For reasons of equip-
ment availability, telecommunication wavelengths around 1310 nm and 1550 nm are utilized in
most cases. Other materials like silicon nitride or titanium dioxide can be used. These show
a lower confinement and larger waveguide geometries. For production purposes, the use of
microelectronics manufacturing facilities is still needed. Integrated optical systems can also
be fabricated using polymers. However, the intrinsic loss and non-linearities of the polymers
are non-negligible and the low refractive index of polymers of n < 1.7 (NIR) limits the in-
tegration density to a certain degree. In contrast to materials like silicon or silicon nitride,
polymers can be patterned using alternative fabrication techniques like nanoimprint lithography
(NIL). These may allow the cost-effective replication of complex and high resolution features
in the nm-regime. For optical systems, high resolution patterning capabilities are essential, as
the required device dimensions are usually in the range of the used wavelength of light or be-
low. However, in contrast to IC manufacturing, devices are not scalable within a large range
of parameters still maintaining the desired device performance. This is particularly difficult as
coherent wavelength tuning over a broad spectrum is a sophisticated task.
As mentioned before, optical packaging is still challenging, irrespective of the material used
for light guiding. Especially for polymer waveguides, the limited availability of patterning
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steps, as common for silicon, limits the possible range of accessible features.
For optical interconnects from fiber to chip and vice versa there are mainly four performance
indicators:
• Efficiency
Given by the fraction of the light transmitted through the optical interconnect to the
amount of the incident light. When the efficiency of an interconnect is compared to other
publications, the exact measurement method should be taken into account. The most re-
alistic numbers are represented when the conversion efficiency from one guided mode to
another is considered.
• Freedom of Design
To what extent can an interconnect be freely placed within an arbitrary layout and what
implications might have to be taken into account for the layout vice versa.
• Positioning Tolerance
How accurately does a fiber have to be aligned to a certain coupling structure either per-
manently or reversibly. Depending on the demands on a specific application, the position-
ing tolerance is mostly given as a spatial displacement at which the coupling efficiency
drops to a certain fraction of its maximum.
• Bandwidth
Optical interconnects, as other optical devices, are usually designed for a certain wave-
length. In contrast, many integrated devices have to be operated within a spectral range
rather than at a distinct wavelength. Depending on the device architecture, wavelength
changes will affect the efficiency of the interconnect. The bandwidth is given by the
spectral range in which the efficiency stays above a certain fraction of its maximum.
In addition to device performance, the fabrication effort sometimes significantly differs for
alternative approaches. The most challenging task is to find a solution which guarantees suffi-
cient performance for a specific application with a minimal fabrication effort. This work will
focus on interconnects from single-mode fibers to integrated waveguides which do show single-
mode operation as well. This will be briefly reviewed in section 2.1. The demands on the
fabrication rise with the transition from multi-mode to single-mode operation, as the pattern
dimensions and tolerances get more restricted. Usually, there will be a size mismatch between
a single-mode fiber and an integrated waveguide as depicted in figure 1.1a. Many different
coupling schemes have been proposed and some were successfully transfered to production,
mostly using silicon or silicon nitride as a waveguide material. For lab setups, butt coupling
at the chip facets can be performed by either using additional optics or by costly tapered or
lensed fibers to convert the mode-size diameter. Thereby, a higher degree of efficiency is pos-
sible, but the necessary alignment tolerance is somewhat smaller than the dimensions of the
integrated waveguides. Furthermore, coupling is limited to the chip facets. This is a substantial
problem for layout generation, as waveguides usually cannot cross, it is not possible to fabri-
cate arbitrary waveguides with this approach. In addition, the fabrication of such chip facets is
difficult, as the waveguides are prone to damage by dicing. Mostly they can only be cleaved
leaving facets with sufficient quality. Also, chip edges can easily be damaged or contaminated
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(a) (b)
(c) (d)
Figure 1.1: Integrated optical MRR sensor showing the general size mismatch between the core
of a standard single-mode fiber (red) and integrated waveguides (orange) (a) as well
as possible interconnects for integrated optical chips: taper couplers (b), inverted
taper couplers (c) and grating couplers with adjacent taper for in-plane mode-size
conversion (d) (not to scale)
by handling. Integrated optical interconnects like taper couplers [11, 12] as depicted in figure
1.1b also lack in-plane coupling compatibility. High coupling efficiency can be achieved by
the use of fully three-dimensional tapers. These do not only adjust the mode diameter in the
in-plane, but also in the out-of-plane, direction. Moreover, as will be discussed in section 1.2,
the fabrication of out-of-plane free-form patterns is sophisticated using IC manufacturing ca-
pabilities. An approach which can be implemented more easily can be found in inverted taper
couplers [13–15], as shown in figure 1.1c. Here, for the case of coupling light from a fiber to
an integrated waveguide, the light is first coupled to a low refractive index contrast waveguide
(shown as transparent element in 1.1c) patterned atop a higher refractive index waveguide. This
inversely tapers to its full diameter. Due to the refractive index contrast, the light is continuously
confined to the integrated waveguide. Similar to the approaches discussed before, inverted taper
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couplers only allow in-plane coupling. A solution which has been developed with great success
in recent years, is using scattering gratings as coupling elements like the one depicted in figure
1.1d [16–18]. Gratings allow to interface waveguides perpendicular to the surface at almost any
in-plane position of the optical chip. Moreover, gratings can be fabricated using conventional
IC manufacturing technologies usually showing two, or in special cases only one height level
[19, 20]. Thanks to constant improvement of the devices, mostly in SOI technology, coupling
efficiencies in the order of the ones achieved with butt coupling are possible [21, 22]. As the
development of integrated polymer optics attract much less attention than SOI, silicon nitride
or III-V semiconductor based technologies, a standard production scheme as well as element
designs which can be used as building blocks to generate more complex layouts, are not yet
available. This, in particular, originates from the fact that polymers are a huge class of materials
with different optical as well as process relevant properties, which are in some cases are also
difficult to assess. Most research projects focus on integrated polymer waveguides in the visible
range, where use of silicon is impossible due to its high intrinsic absorption. Some early works
showing results on polymer multi-mode waveguides [23] or slabs [24] prove the principle of
using gratings for coupling. However, these approaches show only limited scalability to single-
mode operation. In other publications, high efficiencies are shown for very long gratings which
are not suitable to interconnect single-mode fibers [25, 26]. However, casting and embossing
technologies have already been incorporated into the fabrication in order to lower device costs.
An extension to a single-mode fiber to single-mode waveguide coupling scheme has recently
been developed [27, 28]. The presented coupling efficiencies are rather low compared to SOI
systems. The reason for this can be found in the small scattering efficiency or grating strength.
As this is a problem inherent to polymers, which also applies to this work, it will be discussed
in detail in section 2.2.2. Efficiency enhancement measures mostly adopted from SOI grating
couplers were partly discussed in simulation recently [29]. All recent publications mentioned
so far used an inverted rib waveguide architecture as this does facilitate easier production. Un-
fortunately, this type of waveguide shows a low lateral confinement and is therefore neither able
to achieve a high integration density, nor, more importantly, allow narrow bends as required
for MRR sensors. The fabrication of strip or ridge waveguides using replication techniques
was also shown [30, 31] but the integration of coupling structures, e.g. gratings, is still an
under-investigated problem.
Therefore, the integration of positioning tolerant grating couplers into single-mode polymer
strip waveguides, as aimed at in this work, is highly desirable.
5
1.2 Direct Patterning Using Polymer Molds
Different patterning methods are available to change the shape of a certain material. In lithog-
raphy, which is widely used in IC and micro-electro-mechanical systems (MEMS) manufac-
turing, patterns are generated within a resist layer. In general, there are two classes of lithog-
raphy methods: producing technologies like electron beam lithography (EBL) or LDW, which
are able to generate arbitrary patterns from a given layout, and reproducing technologies like
proximity patterning or projection lithography, which are merely able to replicate a pre-defined
pattern on a substrate once or several times. Producing technologies are rather slow, because
Areal Throughput ∝ Resolution5 [32]. However, reproducing technologies can be much
faster and are capable to turn nm-sized objects to marketable products. NIL is a reproducing
technology. In contrast to optical lithography methods, it requires a mechanical contact between
a mold structure, containing the patterns to be transferred, and a resin. In general, the mold is
brought into contact with the resist, which is usually applied to the surface of a substrate as
depicted in 1.2. During the imprint process, the resist fills the cavities present in the mold. To
preserve the mold pattern in the resist it has to change its mechanical behavior. In general, this
can either be achieved by cooling the thermoplastic resist below its glass transition temperature
Tg, which is then called thermal-based NIL (T-NIL), or by cross-linking oligomers, normally
using a photo initiator sensitive to UV radiation giving a thermosetting material, which is re-
ferred to as UV-NIL [33, 34]. Afterwards, the mold can be detached (demolded) and the resist
pattern can now be used either directly as a functional element, referred to as direct patterning
NIL (DP-NIL), or as a mask for subsequent processing steps. For the latter, the process inherent
residual layer has to be removed.
ImprintMoldSubstrate + Polymer Patterned Layer
Figure 1.2: Basic NIL process
Due to its mechanical nature, NIL is not limited by light diffraction like proximity and contact
patterning using mask aligners, or projection lithography, using wafer steppers and scanners.
Dating back to 1995, first results showing 25 nm feature size were presented for T-NIL [35],
which were only limited by the available mold patterns. In the following, the technology could
be extended to the molecular resolution of a DNA strength with 2.4 nm pattern size in 2004
[36]. When NIL is used as a patterning technology, not only two-dimensional patterning is pos-
sible. If a suitable mold is available, also 2.5-dimensional or fully three-dimensional structures
(patterns which do not show distinct height levels) [37–39] or even the replication of patterns
with undercuts is possible [40, 41]. The fabrication of suitable molds with arbitrary in-plane as
well as out-of-plane pattern geometry is still one of the most challenging problems in imprint
6
lithography. Many groups have developed problem specific solutions, e.g. by either fabricating
patterns with multiple height levels using multiple lithography and etch steps [42], gray-scale
lithography [43] or focused ion-beam (FIB) milling [44]. All these approaches involve sophis-
ticated and elaborate process steps which make the fabricated structures highly valuable. One
way to preserve a costly master is to spare it from direct imprint, merely using it to cast a work-
ing mold which is subsequently used to perform imprints. As a cast usually implies much softer
conditions (pressure, temperature) compared to a real imprint, the possibility of mold damaging
is diminished. Furthermore, multiple working molds can be cast from one master. The copy-
ing process will of course have implications on the precision and quality of the molds patterns.
Within this work, "master" refers to an originally patterned structure, in contrast, "mold" is
used for the stamp used for imprinting. Apart from others, polymers are possible candidates for
working mold materials. Sometimes NIL using polymer molds is referred to as soft lithography
[45]. Replications have often been performed using polydimethylsiloxane (PDMS) which can
also be found in the field of micro- or nano-transfer printing [46]. By the use of polymer molds,
the replication of rather complex structures is possible [47, 48].
NIL is a versatile technology in terms of usable mold sizes. In contrast to projection lithography,
it is not limited by the field-of-view of the used optics. The used imprint area can vary from
samples of only a few mm2 to 300 mm wafers [42] or even a continuous roll-to-roll imprint
(R2R) replication using flexible substrates [49].
Thanks to its diffraction unlimited patterning capabilities, NIL is a promising technology
for photonic structures, where proper device operation is often correlated to pattern sizes and
accuracies in the range of the used wavelength. The large area patterning capabilities are par-
ticularly interesting for tailoring the light transmission and absorption of functional layers e.g.
by using plasmonic patterns [50, 51], index matching layers [52] or diffractive patterns. Fur-
thermore, the patterning of integrated optical systems is possible by NIL, either by using the
produced structures as masks for subsequent process steps or directly as functional elements.
This includes passive devices like waveguides and resonant cavities [5], two-dimensional pho-
tonic crystals [48, 53] or spectrometers [54], but also allows the fabrication of active devices
like lasers [55, 56].
Within the collaboration of the Institute of Semiconductors and Microsystems (IHM) and the
Fraunhofer Institute for Photonic Microsystems (IPMS) single-mode polymer waveguides and
MRRs have been produced using UV-NIL [57–59]. So far, fused silica has been used as a mold
material due to its mechanical strength and UV-transparency. The fabrication of silica molds
with sufficient etch depth and lateral resolution is currenty a very sophisticated task which leads
to extremely high mold costs. This counteracts the idea of a cheap device fabrication by NIL.
The replacement of the mold material with a cheaper one as well as the incorporation of more
device functionalities requiring more than one pattern height is needed. As discussed previously,
polymer molds are potential candidates to address these problems.
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1.3 Scope and Structure of this Work
The scope of this work is to produce all-purpose, positioning tolerant and efficient elements for
coupling of single-mode fibers to integrated polymer waveguides. Up to now, light exchange
from or to integrated polymer waveguides has been performed via butt-coupling at the wave-
guides’ facets at IHM/IPMS. Therefore, the structures are defined using a UV-NIL process on
silicon substrates using silicon dioxide as a substrate cladding [9]. The fabricated chips can be
separated by cleaving the silicon substrates along the crystal orientation. The separation line
has to cross the input and output waveguides in every case to give access to their facets. This
process flow has got implications on the layout, the production and the packaging of integrated
optical systems. Firstly, as it is possible to access waveguides only at the edge of a chip and
waveguides on a chip should not cross, the complexity of the manufacturable layout is limited.
The structures aimed at in this work should add at least some degree of freedom to the choice
of the coupling position. Secondly, the material composition of the manufactured integrated
waveguides leads to structure dimensions which drastically differ from the dimensions of a
single-mode fiber. The resulting size mismatch either leads to a high loss, when light is directly
coupled from a standard single-mode fiber to an integrated waveguide, or necessitates the use
of special tapered or lensed fibers. The structures developed in this work should minimize the
coupling loss to a value which does not limit the function of an integrated optical chip. Thirdly,
the alignment of a tapered or lensed fiber to an integrated chip has to be performed using active
alignment devices. Although polymer waveguides allow larger feature dimensions than SOI
systems, the alignment tolerance still needs to be in the sub-µm range. Possible coupling struc-
tures should lower the packaging effort by increasing the alignment tolerance.
Originating from these main requirements, the content of this work is twofold. For the desired
element, the optical phenomena have to be simulated as well as a production technology has to
be established. All this has to take the previously used process flow and the optical chip design
into account. This thesis consists of three main chapters: A basics chapter discusses the layout
for a coupling structure and a possible way to fabricate it. The next chapter summarizes the ex-
perimental results. It follows the proposed production scheme, leading to real structures, which
are also characterized in terms of their optical behavior. The work is concluded by a chapter
which discusses the results as well as possible improvements for further designs is given.
The basic considerations in chapter 2 first of all summarize the boundary conditions of inte-
grated polymer optics. Concepts for fiber-chip interconnects are reviewed. Grating couplers
are chosen as the best and most suitable solution and are discussed in detail in section 2.2.2.
The optical simulations, revealing principle dependencies in the first place, a specific design
for the given material system including allowed deviations as well as possible enhancement
techniques, represent one main part of this work. The proposed grating coupler design implies
changes to the already established imprint process. The two main changes are the use of silicon
masters as well as the tone-inversion and imprint by using polymer molds. The possibilities
and details for silicon master fabrication are presented in section 2.3 and a feasible integration
scheme for master fabrication is worked out as a result. NIL as a key technology of this work is
presented in section 2.4. Thereby, the main focus is placed on the use of polymer molds and the
implications on mold stability, pattern transfer accuracy, resist and anti-sticking layers (ASLs)
which are necessary to prevent adhesion of the resist to the mold. As a result, a general scheme
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for mold casting and imprint is presented.
The experimental part in chapter 3 explicitly follows the presented process schemes. A major
part is the fabrication of the required silicon master. The results for wafer-stepper exposure
and EBL are compared in detail in sections 3.2.1 and 3.2.2. The fabrication of the mold pat-
tern is presented in section 3.3. For the integration of polymer molds into a step-and-repeat
imprint setup, special attention has to be given to the mold stack and the flatness of the mold.
The imprint results are shown in section 3.4, giving an overview of the achievable aspect ra-
tio (AR) and the residual layer thickness (RLT) homogeneity. The optical performance of the
fabricated structures is in line with the simulations and presented in section 3.5. As common
in research, the answer to one question reveals several new ones. Chapter 4 tries to summa-
rize open questions. Further measures to increase the efficiency and the positioning tolerance
of polymer grating couplers are discussed. As the production technology of the silicon master
turned out to be one of the most critical parts of the process, a revised scheme is proposed.
Moreover, passive structures used for fiber alignment to the fabricated polymer grating couplers
are discussed. These will be necessary if disposables should be used for point-of-care sensing.
With this, a new device architecture, using coupling from the chip’s rear side, might be useful.
Through-silicon vias (TSVs) may also be incorporated as passive alignment elements.
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2 Basics
Within this chapter, basic concepts concerning the design and fabrication of an integrated optical
device are discussed. It consists of MRRs and waveguides with embedded gratings for coupling
light signals to/from the chip. The design and fabrication cannot be considered apart from
one another. On the one hand, the dimensions of a given design restrict the suitable productions
methods, whereas on the other hand the process tolerances influence the design itself. Therefore,
the considerations in the following try to account for this non-straight-forward nature. The
discussion of the principle design is extended with a forecast of the process implications at
various positions.
First of all, the design of the basic element of an integrated optical chip, the waveguide, is
discussed. All waveguides will have to show single-mode operation. The design parameters
resulting from this will be discussed in section 2.1. In addition, the boundary conditions re-
sulting from the MRR aimed at will be reviewed only briefly, as they are being addressed in an
accompanying PhD thesis in detail [8]. The discussion includes the influence of manufacturing
deviations, inherently connected to the chosen approach. This will include those originating
from the manufacturing process including master fabrication, mold casting as well as imprint.
Moreover, deviations originating from surrounding elements, mainly the used substrate, are
considered. As the scope of this work is to fabricate couplers used as waveguide interconnects,
a similar discussion is done with regard to them in section 2.2. The main element of the desired
couplers is a grating used to scatter the incident light and perform a mode-size conversion in
the out-of-plane direction. Furthermore, an in-plane mode size conversion is necessary and can
be performed using tapers. Again, the influence of process variabilities on device performance
(efficiency, bandwidth and positioning tolerance) is discussed. Additional measures aiming at
increased device performance are shown. A complete set of specifications is given at the end.
In order to facilitate the fabrication of the structures, the standard production process used
at IHM and IPMS, which was established within an accompanying PhD-work [9], had to be
modified. Most notably, the production scheme was extended to enable more complex devices
and now includes the patterning of a master, the subsequent cast of a working mold as well as
the final fabrication of the device using DP-NIL.
Different materials which can be used as master as well as methods to pattern them are re-
viewed in section 2.3. This includes methods originating from IC manufacturing which have
often been extended to MEMS. Basic methods and principles of lithography, etch and pla-
narization are discussed. EBL and projection lithography, reactive ion etching (RIE) as well as
chemical mechanical polishing (CMP) are considered in detail as they are supposed to be ap-
propriate for the fabrication of the proposed master. The implications on the achievable results
as well as the necessity of additional process steps are also considered. The result is a process
scheme which was used for the fabrication of the final device.
The replication of the final polymer optical device will be done using DP-NIL. Some of the
basic concepts, applicable limitations and rules are given in section 2.4. The fabricated master
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will not be directly used for DP-NIL. Instead, a working mold is cast which can be used for
imprinting further on. Possible requirements on mold materials and their suitability regarding
imprint specific mechanical, chemical and optical parameters are reviewed. In addition, the
desired imprint process including its boundary conditions and limitations are shown at the end.
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2.1 Integrated Polymer Waveguides for Sensing
Applications
One basic element of integrated optical systems is a waveguide. It allows the propagation of
light along a pre-defined path. The light is confined in both axes transverse to the propagation
direction. The guiding region is called waveguide core, whereas the adjacent regions are called
cladding. In principle, different geometries are possible to evoke light guiding as depicted in
figure 2.1. Geometries like embedded strip, strip loaded or slot waveguides are other possible
options.
The decision for a specific geometry depends on the optical characteristics that should be
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Figure 2.1: Cross sectional views of different waveguide architectures with substrate, guiding
core and substrate as well as superstrate cladding with their respective refractive
indices ns, nwg, ncl and nsol: a strip waveguide (a), a ridge waveguide (b) and an
inverted rib waveguide (c)
achieved and on the fabrication techniques that are applicable and affordable. A strip wave-
guide showing a geometry as depicted in figure 2.1a is a standard geometry in SOI-based sys-
tems. Herein, a silicon layer is usually etched down to the buried SiO2 layer using RIE. The
waveguides shows a very high confinement resulting in small waveguide dimensions. When
light travels in a bend, light tends to leave the guiding core resulting in a loss depending on the
radius of the turn [30]. As the confinement is large, narrow bends with radii of some microm-
eters are possible [60]. By adding an additional slab underneath the waveguide strip, a ridge
waveguide as depicted in 2.1b can be formed. Depending on step height and slab layer thick-
ness, usually a lower lateral confinement as compared to strip waveguides is achieved. This
allows to use larger dimensions but also makes the waveguides more prone to bending losses.
The fabrication can either be done in a way similar to strip waveguides leaving a residual layer
of material after etching or by alternative methods like DP-NIL. As mentioned before, when
no special measures are taken, NIL will show a residual layer. As this will influence the oper-
ation of the waveguide as well as additional coupling elements, a precise control over its total
thickness and inhomogeneity is inevitable as will be shown in sections 2.1.2 and 2.2.2. Similar
characteristics can also be obtained when an inverted rib waveguide as shown in figure 2.1c is
used. When a sufficient substrate cladding thickness is present, an inverted rib architecture can
be optically treated as ridge waveguide, where superstrate and substrate cladding, with their
respective refractive indices nsol and ncl, are exchanged. Inverted rib architectures can be fab-
ricated with low effort in polymers by the cast of a master into a substrate cladding material
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and subsequent application of the waveguide core material by spin-coating. However, a ridge
waveguide architecture will be followed here.
Not only the general architecture of a waveguide defines the light confinement. Light in a
waveguide propagates in modes, given by the solutions to Maxwell’s equations in the wave-
guide’s core and cladding regions [61]. Within a mode, the intensity distribution along the
waveguide’s cross-section will have a distinct profile. Multiple propagating modes can be sup-
ported by the waveguide. Below the cut-off condition, depending on the geometry and optical
parameters of the waveguide as well as the used wavelength, no propagating mode can be ex-
cited. Above cut-off, single-mode operation will appear where the waveguide supports only
one mode. If further modes are able to propagate, the waveguide becomes multi-modal. Every
mode will have its own effective refractive index of propagation neff , which in any case will
fulfill
ncl, nsol < neff < nwg. (2.1)
For the design of integrated optical components, the precise knowledge of neff is required. More
importantly, many optical sensor applications will demand single-mode operation. This is also
desirable for MRRs as considered here. In principle, multi-mode operation is possible [3], but
it limits the device’s performance.
2.1.1 Single-mode Polymer Waveguides
The intensity distribution of a mode and the number of guided modes in a waveguide depend
on its geometry, the refractive indices of the used materials and the wavelength. Unless stated
otherwise, a wavelength of 1550 nm will be considered in the following. The polarization will
be restricted to transverse electric (TE), thus, the electrical field component in the x-direction.
This is beneficial as it reduces propagation losses within the waveguide and coupling losses
within a grating as will be shown later on. Furthermore, a ridge architecture as can be fabricated
by DP-NIL is considered. Silicon wafers (ns = 3.45) are used as substrates with a cladding
layer out of silicon dioxide ncl = 1.444 on top. Ormocore (MicroResist Technology GmbH
(MRT)), a high refractive index (RI) hybrid polymer (Ormocer R©) for optical applications is
used as core material with nwg = 1.537 [62]. It is difficult to give precise numbers of the
polymer’s RI. It does not only depend on the used polymer and its exact composition, but also
on the ambient conditions and, more importantly, on the distinct process conditions, e.g. the
exposure intensity used for curing [63]. Water was considered as superstrate cladding by default
nsol = 1.318.
Mode-diagrams, showing the number of guided modes depending on the waveguide geome-
try, are useful to find dimensions which allow single-mode operation. The calculations of the
mode diagrams shown in the following were performed using WGMODES [64] and double-
checked with the MPB (MIT photonics bands) package [65]. WGMODES has been slightly
extended to cover some of the special demands of the waveguides considered here. Firstly, the
mesh generation was changed, now supporting tilted sidewalls. Secondly, a RI interpolation for
mesh cells at interfaces of dielectrics was added, using an effective refractive index calculated
by Bruggeman’s mixing theory which is applicable to small RI changes [66]. This eliminates
discontinuities when changing the dimensions with respect to the used mesh. Further it allows
the use of a sparse mesh which correlates with a significant calculation speed-up. Finally, an
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iterative algorithm was used to detect the points where the number of supported propagating
modes changes depending on the geometry and the materials’ RIs.
In order to get information about the required dimensions for the given setup and acceptable
tolerances, e.g. originating from fabrication, several mode diagrams are given in the following.
Figure 2.2 shows the general size dependence of a quadratic polymer strip waveguide with
respect to the RI of the core material. The cut-off of each individual mode is given by a dotted
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Figure 2.2: Mode diagram for quadratic waveguides (hwg = wwg) depending on the refractive
index of the waveguide nwg
line, with a number p, l which represents the index of the mode in the in-plane or x-direction
as well as the out-of-plane or z-direction respectively (cf. figure 2.1). Generally, three regions
can be distinguished: an area below the cut-off line of the fundamental mode where no mode
is supported, the single-mode area, supporting only the fundamental mode, as well as an area
where more than one mode is able to propagate, the multi-mode region. For higher RI contrasts,
the dimensions of a single-mode waveguide will decrease. However, small dimensions may lead
to a size mismatch between the waveguide mode and the mode guided in a single-mode fiber,
usually showing mode-field diameters of ≈ 10.4 µm (SMF 28e+, Corning [67]). In general, a
higher index contrast will allow better confinement and therefore smaller bends. These are a
prerequisite for accurate MRR operation. UV-curable polymers usually show a relatively low
RI [68], whereas Ormocore (MRT) has a comparably high RI of nwg = 1.537 at 1550 nm. It
shows a moderate intrinsic loss and is suitable for permanent applications. A mode diagram for
the waveguide’s height hwg and width wwg is depicted in figure 2.3a for Ormocore. Due to the
asymmetric waveguide cladding in z-direction, changes of the waveguide width and height have
different influences on the shape of the single-mode area. Due to process variations, the real
dimensions of a waveguide will usually differ from the target values. To maintain single-mode
operation within a large range of dimension tolerances, the desired geometry can be set to a
quadratic waveguide with hwg = wwg = 2 µm.
General restrictions on the waveguide dimensions also originate from the desired application.
The MRR system considered here will operate in an aqueous solution [69]. An optical chip is
therefore equipped with a micro-fluidic system to provide the analyte solution to the sensor’s
transducer. In the considered setup, the fluidic cell should be bonded to the optical chip in the
way that the waveguides cross the cell’s walls. This enables the separation of light coupling
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Figure 2.3: Mode diagram depending on the waveguides width wwg and the waveguide height
hwg for Ormocore nwg = 1.537 and a deionized water upper cladding nsol = 1.318
(a) as well as for deionized water ( · ) and air (nsol = 1)(∗) giving a single-mode
overlap area drawn in middle gray (b)
and transducer interaction from each other. Further, the index contrast in the coupling region is
enlarged, as the superstrate cladding can be air instead of the analyte solution. This is beneficial
for the achievable coupling efficiency, as will be discussed in section 2.2.2.3 in detail. The dif-
ferent cladding materials will also have an influence on the mode diagram. Figure 2.3b depicts
a mode diagram for a strip waveguide with water as superstrate cladding in one and air in the
other case. If a waveguide provides single-mode operation in both cases, the resulting process
window is given by the intersection of the single-mode areas of both configurations. When this
process window is considered, the point of most deviation-tolerant waveguide dimensions is
shifted to an asymmetric geometry with hwg =1.75 µm and wwg =2.25 µm. In addition, the
fluidic cell material also has to be considered as a cladding material. The impact will depend on
the RI of the material, which is not yet definitively set. Anyway, polymers with a RI as low as
1.39 are available [70], which would have a minimal influence on the waveguide. In addition, it
is also possible to deposit a low-RI silicon dioxide as an upper cladding using plasma-enhanced
chemical vapor deposition (PECVD) [71]. On top of this, any kind of material may serve as
fluidic cell. As the waveguide behavior in the transducer area is most critical, former designs
made use of a quadratic configuration with an edge length of 2 µm. This will also be the case
in the following.
The waveguide dimensions will differ from the target values due to process variations.
DP-NIL will result in a ridge waveguide, showing an additional residual layer of height hrlt,
rather than a strip waveguide as considered so far. Its removal, e.g. using RIE, would most
likely result in an increased surface roughness [9], giving rise to scattering losses [30]. Further-
more, if the RLT varies across an imprint, the waveguide height would also differ if the residual
layer was removed everywhere. If the RLT is kept, it will of course influence the guiding char-
acteristics of the waveguide. As shown in figure 2.4a, the single-mode area is shifted depending
on the RLT. Interestingly, the cut-off condition decreases faster than the RLT increases. If a strip
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Figure 2.4: Mode diagram for a ridge waveguide with different residual layer thicknesses and
waveguide heights (wwg = 2 µm) (a) and waveguide widths (hwg = 2 µm) (b)
waveguide is considered, a minimal waveguide height of ≈ 800 nm is necessary to support the
fundamental mode. In contrast, the residual layer will become a slab waveguide for a thickness
larger than ≈ 450 nm. The influence of the RLT is even stronger on the waveguide width wwg
as illustrated in figure 2.4b. Here, the guiding characteristics significantly change for RLTs over
300 nm, which should therefore be avoided.
Deviations of the waveguide dimensions do not only originate from the NIL inherent residual
layer, but, e.g., also from process deviations. Lateral changes may originate from the lithog-
raphy techniques used for master fabrication and are discussed in detail in sections 2.3 and
3.2. Their influence can be obtained from figure 2.4a. The same is possible for height vari-
ations originating from the etch and planarization processes used. The results can be seen in
figure 2.4b. The overall dependence of single-mode operation upon reasonable values of hrlt
< 250 nm is rather low.
Usually, the etch processes will not only cause height variations, but might also result in
tapered sidewalls. The sidewall angle which can be achieved will depend on the equipment and
etch process used. Inclined sidewalls, resulting in features with larger dimensions at the mold
bottom than at the top, are sometimes reported to simplify the demolding process [72]. Overall,
the influence of typical sidewall angles ϕ differing by only some degrees from 90◦ is marginal,
as can be seen from figure 2.5. For sidewall angles smaller than 90◦, the waveguide cross-
section area will also be reduced and the mode will be pushed towards the substrate cladding.
This will increase the single-mode operation area depending on the waveguide height, as shown
in figure 2.5a. An inclined sidewall with ϕ < 90◦ makes the effective waveguide width smaller,
which can be obtained from figure 2.5b.
In addition to the waveguide geometry changes considered so far, polymer shrinkage during
imprint will also have an influence. Polymers increase their density if they are polymerized or
cross-linked. Commercially available photo curable resists show a volume shrinkage range of 2
to 15 % [62, 73, 74]. As the movement of the structures is restricted by adhesion during imprint,
the size change in lateral direction is reported to be smaller than the one in the vertical [75]. The
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Figure 2.5: Mode diagram for the waveguide height hwg depending on the sidewall angle ϕ
(wwg = 2 µm) (a) and for the waveguide width wwg depending on the sidewall
angle (hwg = 2 µm) (b)
shrinkage of Ormocore waveguides has been subject to previous studies [59]. A designed strip
waveguide (cf. figure 2.6a) will show a size change according to figure 2.6b. The specific values
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Figure 2.6: Desired strip waveguide configuration with dimensions (a), resulting ridge wave-
guide as fabricated with DP-NIL including polymer shrinkage (b) and a mode di-
agram for waveguide height design hwg against the width design wwg for a strip
waveguide (light gray, · ) and a ridge waveguide assuming a shrinkage as given in
table 2.1 and a RLT of 200 nm (dark gray,∗) (c)
for the waveguides top width wt, bottom width wb and height hc are provided in table 2.1.
In order to get a comprehensive picture of the changes due to the imprint process, figure
2.6c depicts the mode diagram including shrinkage and a RLT of 200 nm. For comparison,
the mode diagram for the desired strip waveguide is also displayed. Fortunately, the imprint
seems not to influence the guiding characteristics of the single-mode waveguide significantly,
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Table 2.1: Relative shrinkage of Ormocore wave-
guides with respect to the master di-
mensions
Fabricated Design Value * AVG Sigma
Dimension * (%) (%)
hc hwg 4.8 1.6
wt wwg 13.5 3
wb wwg 4 2.4
sample size > 90, from [59].
* see figure 2.6 for the meaning of the dimensions
which makes it a suitable fabrication process. Instead of the silica molds used in the standard
process, a polymer mold cast from a master structure, can also be used for imprinting. Most
of the polymers which can be used as molds are curable (cf. section 3.3) and may therefore
also show a significant shrinkage. As the features are inverted in the mold, the lateral shrinkage
during mold cast and imprint partly compensate each other. In contrast, the vertical shrinkage is
cumulated. As no data for the mold shrinkage is available so far, the influence on the waveguides
guiding performance cannot be estimated.
Ensuring a single-mode operation of the fabricated waveguides is only one boundary condi-
tion which has to be fulfilled. The effective refractive index neff of the fundamental mode can
also be influenced. The dimensions of the waveguide change neff from the cut-off value, deter-
mined by the lowest RI of the surrounding cladding, to a maximum value given by the RI of
the core material (cf. (2.1)). The general dependence of neff on the waveguide dimensions can
be obtained from figure 2.7. The neff = 1.444 line marks the cut-off originating from silicon
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Figure 2.7: Effective refractive index of the fundamental mode in an Ormocore waveguide for
different widths and heights (a)
dioxide used as substrate cladding. Some applications (e.g. Y-junctions) will require a defined
relative phase between two waves traveling in two waveguides. These depend on the physical
path length and on neff of the propagating mode. This is also true if resonances have to occur at
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defined wavelengths within a resonant cavity. A precise neff control requires tight margins for
waveguide fabrication. This will drastically increase fabrication effort and thus cost.
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2.1.2 Polymer Microring Resonators
The design and characterization of polymer microring resonators (MRRs) is the main subject
of an accompanying PhD project [8] and will therefore not be discussed in detail. Nevertheless,
the MRR adds boundary conditions to the dimensions of the optical chip as well as to the
design and performance of the coupling elements which will be discussed in section 2.2.2. The
manufacturing and replication process has to be able to fulfill the requirements of every part
of the optical chip. The consideration of the fundamental design values originating from the
transducer is therefore inevitable.
The basic layout of a vertical directional coupled MRR, as considered here, is shown in figure
2.8. It consists of a straight waveguide where light approaches the transducer from the direction
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Figure 2.8: Schematic of a MRR with a input and ring waveguide as well as an optional drop
waveguide (top-view, left) with the gap width din or ddrop as one critical fabrication
aspect (magnified cross sectional view, right)
of Iput. The mode within the waveguide does not only show a non-zero electric field within the
waveguide core, but also in the cladding regions, which is called evanescent field. This field is
not scattered from the mode as long as the cladding thicknesses around the core region are large
enough. If a high RI object is placed within the evanescent field, part of the light can be either
scattered away or, as in our case, coupled to another mode able to propagate within a second
waveguide. This second waveguide can form a closed loop while it is fed back to itself. Despite
its name, the resonant cavity does not necessarily show a circular shape. Configurations like
racetrack resonators, where the coupling region between the input waveguide and the resonator
is elongated, or more complex designs are possible. The mode excited within the loop can be
in resonance when it shows constructive interference upon a round trip. The wavelengths λr at
which the resonances occur are given by [60]:
λr,m =
neffL
m
, m = 1, 2, 3, ... , (2.2)
where neff is the effective refractive index of the mode within the resonant cavity and L is
the round trip length of the loop, which will depend on the radius Ri for ring resonators. A
characteristic transmission spectrum at the pass port (Ipass) of the straight waveguide can be
obtained from figure 2.9. The area between two adjacent resonances is called free spectral
range (FSR) δλ which can for large numbers of m be approximated by:
δλm = λr,m − λr,m+1 . (2.3)
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Figure 2.9: A characteristic transmission spectrum of a MRR at the through port (Ipass) fabri-
cated in Ormocore using DP-NIL
In the previous section, the influence of various geometry as well as material parameters
upon the effective RI of a mode was discussed. As can be estimated from the two extreme cases
of a water and an air cladding (cf. figure 2.3), neff also depends on the RI of the superstrate
cladding, thus, the medium to be analyzed. If a MRR is used as transducer, it will show a
specific wavelength shift depending either on the RI change in a bulk analyte or a RI change
originating from the specific binding of an analyte to the surface. The quality factor Q of the
resonator can be given by [2, 60]
Q =
λr
FWHM
, (2.4)
where FWHM represents the full width at half maximum of the resonance at λr. The detection
properties are usually summarized in a limit of detection, which is inversely proportional to the
quality factor Q of the resonator [2]. This means that high Q-factors are required to lower the
minimal concentration of analyte which can be detected, thus, yielding a highly sensitive sensor.
The Q-factor describes the resonance sharpness and can for a MRR in pass configuration (one
straight waveguide with a ring in vicinity), be expressed as [60]:
Q =
pingL
√
ra
λr (1− ra) , (2.5)
where ng is the group index of the waveguide, a is the round trip loss coefficient and r the
self-coupling coefficient. The round trip loss a, ranging from 1 (no loss) to 0 (no transmission)
will be determined by the intrinsic loss of the waveguide material, the scattering loss originating
from rough surfaces, the bending loss and, probably, mode-conversion losses originating from
changing mode profiles throughout the waveguide [30]. As can be seen in (2.5), low losses will
lead a higher Q. Therefore, any kind of loss should be minimized. For the fabrication process,
this has the following rather general implications:
• The surface of each interface should be as smooth as possible. This includes the deposi-
tion of the substrate cladding as well as the patterning of the waveguides.
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• To avoid power dissipation of the mode to the substrate, the substrate cladding thickness
has to be as high as possible.
• The waveguides’ exact shape should not change throughout a round trip.
The bending loss is mainly determined by the desired ring radius Ri but will also be influ-
enced by the RLT which should be minimized [7]. Numbers can be obtained from [8] or will
be discussed in the following if relevant to the design. The power self-coupling coefficient r2
describes the intensity coupled from Iput to Ipass. Thereby, the intensity coupled to the resonator
is its cross-coupling coefficient k, given by k2 = 1 − r2, under the assumption that no further
losses are present in the coupling region. Usually, critical coupling is desired for MRRs, as
the transmission at Ipass will drop to zero for the case of resonance. Therefore, the loss in the
resonator has to be compensated by the coupling to it, leading to 1 − k2 = a2. The round trip
loss a is given by the design and the process. However, its exact values are usually unknown
for a new layout. The easiest way to achieve critical coupling in this case is to adjust k by vary-
ing the gap distance din between the straight waveguide and the resonator. For the resonators
which were fabricated with the standard process using silica molds, real coupling gaps of 300
to 450 nm were necessary for different ring radii. The fabricated coupling gaps will also be
influenced by polymer shrinkage during fabrication as described in the previous section. The
change in the gap distance is thereby determined by the relative shrinkage and the width wwg of
the waveguides. As wwg is large compared to the required din, a relatively small shrinkage of the
polymer will broaden the gap significantly with respect to its original value. The pre-correction,
based on the values in table 2.1, will lead to mold gap-widths of 200 to 300 nm. This results in
ARs of up to 10 in the mold, given by the ratio of hwg to din (cf. 2.8).
As discussed so far, the MRRs have been operated in the so-called all-pass configuration with
one straight waveguide coupled to the resonator. In addition, another waveguide can be added
to the system as depicted in figure 2.8, which will lead to an add-drop configuration. Therewith,
the transmission spectrum obtained at the Idrop will show peaks instead of dips like at Ipass.
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2.2 Interconnects for Integrated Waveguides
A general overview of possible interconnects for single-mode fiber to integrated waveguide cou-
pling was given in section 1.1. Table 2.2 summarizes the boundary conditions for the proposed
coupling schemes in SOI technology. These may differ for other material systems, but are in
principle also valid for high RI polymers. The decision which specific solution is most suitable
depends on the desired application.
Table 2.2: Comparison of different coupling schemes for single-mode fibers and
waveguides based on SOI technology with respect to performance and
fabrication effort
Efficiency Freedom Positioning Bandwidth Fabrication
of Design Tolerance Effort
Butt Coupling middle low low high low
3D Taper high low high high high
Inverted Taper high low middle middle high
Gratings middle high high low middle
For the MRR sensor setup considered here, the achievable coupling efficiency is not a major
concern. Conventionally, wavelength shifts will be observed. These are independent of the
absolute intensity as long as linear optical systems are considered. Additional coupling losses
of <20 dB (fiber-chip-fiber) will not limit the overall measurement capability. Such values
seem to be achievable with gratings [76, 77]. When losses are considered within an optical
system, a careful analysis is inevitable. In most cases light is not lost due to absorption, but
scattered away from the desired transmission path. The scattered photons will also have the
possibility to re-enter the same or another waveguide. This may lead to additional noise and/or
crosstalk between different light paths within an optical chip.
The bandwidth which should be supported by a coupling element also depends on the specific
application. For the MRR setup discussed here, one has to be able to track at least one point of
resonance within a transmission spectrum. Therefore, the bandwidth should be at least as large
as the free spectral range δλm, given by (2.3), plus the wavelength shift ∆λr,m to be detected.
Typical FSR values of polymer MRRs are well below 10 nm [7, 30, 59] and might be further
reduced as the achievable ∆λr,m is usually well below 2 nm. Grating couplers conventionally
show a low bandwidth as the used coupling grating acts wavelength depended, which will be
discussed in detail in section 2.2.2. Values of a 3 dB bandwidth of 32 nm, as reported for a very
similar material system as discussed here, will not generally limit the MRR performance.
The main advantage of grating couplers is the possible freedom of design. As gratings allow
the coupling perpendicular to the surface, they can be placed at nearly every position within the
optical chip. This allows an interconnection in a convenient way, similar to probes on test-pads
used in electrical circuits. If a grating is patterned atop a fiber core, this may also be used as
optical in-die probe for waveguides [78, 79]. By the use of gratings, no functional elements will
be present at the edges of an optical chip. Therefore, less care has to be taken during handling
and, which is important for possible mass production, multiple optical chips can be separated
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by standard wafer dicing.
The positioning tolerance of a fiber with respect to a waveguide is a further critical item. A
maintainable displacement is related to the mode-field diameter used at the coupling point. As
mentioned earlier, the field-diameter of a mode within a single-mode fiber is larger than the
one in an integrated waveguide. Gratings can be adjusted to a certain mode-field diameter
and therefore lower the needed alignment accuracy. Therefore, the use of cheaper alignment
measures instead of piezo actuators, which may also be passive, is possible. All this facts
make grating couplers an attractive method to interconnect single-mode fibers and polymer
waveguides.
When gratings are used for coupling, two elements are generally necessary. Firstly, the grat-
ing itself will turn the fiber mode into the chip-plane, thus, the integrated waveguide. In order
to obtain a high efficiency, it is desirable to use a wide waveguide, making the overlap integral
of both fundamental modes as large as possible. This results in a width of approx. 10 µm for
the integrated waveguide, which will therefore also support higher order modes (cf. figure 2.3).
A large waveguide is improper for most optical applications and has to be converted down to
a width supporting single-mode operation. So secondly, an in-plane taper is needed, which is
able to adjust the spot-size efficiently and, depending on the available chip space, within a short
distance. In the following, the specific grating coupler design for the material system under con-
sideration will be discussed. This includes the basic principle of operation as well as possible
efficiency enhancement measures and will lead to design parameters and acceptable tolerances,
which are necessary for the device fabrication. Moreover, the design of the mode-size con-
verter will be discussed. All optical simulations in the following sections were performed using
finite-difference time-domain (FDTD) solvers. These include the opportunity to obtain spectral
data from only one single simulation. This is beneficial if one is interested in the performance
of a coupler or a resonator, which intrinsically produces a wavelength dependent output. Nev-
ertheless, it requires a full discretization of the considered area as well as the simulation of
numerous time steps. The computation effort depends on the simulation region under consider-
ation, the necessary resolution and the time interval until the propagating waves form a steady
state within the system. The latter one is disadvantageous for resonant cavities. The free soft-
ware tool MEEP [80] and the commercially available solver FDTD-Solutions (Lumerical) [81]
were used to perform simulations.
2.2.1 Adiabatic Tapers
The mode profile of the fundamental mode in a waveguide depends on its dimensions. To en-
sure high coupling efficiency, the width of the waveguide in the coupling region of a grating
coupler has to be adjusted to the mode size diameter of a single-mode fiber. This results in a
waveguide width wwg of approx. 10 µm. To convert this mode to the one able to propagate in
a single-mode waveguide, taper structures are necessary. Only linear tapers, where the actual
waveguide width w(y) is linear dependent on the position: w(y) = win − ylt (win − wout), are
considered here. Figure 2.10a shows the basic configuration with an input waveguide of width
win, the linear taper of length lt and an output waveguide of width wout. Figure 2.10b shows the
achievable power conversion ratio of the fundamental mode of the input waveguide to the out-
put waveguide using a planar linear taper. Full three-dimensional simulations were performed
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Figure 2.10: Top and side view of a linear taper structure with dimensions (a) and the power
transfer from the fundamental mode of a waveguide with width win = 10 µm to
the fundamental mode of one with width wout = 2 µm and a constant height hwg =
2 µm depending on the taper length lt (b) (λ = 1.55 µm)
to obtain the data. The considered material system uses a silicon dioxide substrate cladding, an
Ormocore waveguide and air as superstrate cladding as it is present in the grating region. For
short lengths lt, the taper degenerates into an abrupt change of the waveguides’ cross-sections.
This results in a low transfer efficiency. The value of ≈ 0.4 is still reasonably high compared to
SOI systems, where win
wout
will be as high as 25. For the polymer waveguides considered here it is
only 5. Note that the power conversion efficiency can be even lower than the one of a step-like
change, if the taper length is too short [82]. A length of 60 µm will result in a conversion loss
of less than 2 %. Even longer tapers may be able to convert energy of higher order modes in
the input waveguide to the fundamental mode of the output waveguide, rather than scattering
it away [82]. The conversion efficiency is limited with the use of a linear geometry and long
tapers are needed. More complex shapes, where w non-linearly depends on y are able to re-
duce the taper length. Ultra-short spot size converters are possible by using segmented tapers
[83]. Here, the taper is split into a number of equally spaced segments. The width w can take
arbitrary values within each segment. Moreover, the grating architecture can be changed from a
purely linear grating to a focusing one. This allows the reduction of the taper length by approx.
one order of magnitude [84]. However, non-linear and segmented tapers as well as focusing
gratings will increase the design and the fabrication effort.
As the taper’s footprint is not a concern for the MRR system, linear tapers are used for sim-
plicity. However, more complex shapes can be integrated into future designs or if applications
demanding smaller footprint are aimed at.
2.2.2 Grating Couplers
In the following, the principle operation of a grating, used for coupling light from an integrated
waveguide to a fiber and vice versa, will be reviewed. All calculations will consider a cou-
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Figure 2.11: General setup of a shallow uniform grating coupler embedded in a waveguide
pling from waveguide to fiber. In principle, fiber-to-waveguide coupling is also possible and
will provide all effects discussed. The efficiency will be the same, as long as coupling from
one mode in the waveguide to another one in the fiber is considered and all materials involved
are reciprocal [16]. As the used polymer (Ormocore) is an absorbing material, which may also
show birefringence and non-linearities, this is generally not given. However, the small coupler
dimensions as well as the targeted energy densities will keep the resulting differences small.
A principle model of the system under consideration is depicted in figure 2.11. Here, a wave-
guide mode with intensity Iin is scattered at the grating. Some part, Iout, will be coupled out
of the grating in the upward direction. This will be collected by the fiber later on. The grating
will also scatter some intensity Isub in the direction of the substrate. All non-scattered intensity
is either reflected backwards or will propagate further in the waveguide with an intensity It.
In order to understand the operation of a grating, one can consider a plane wave traveling in
a medium with refractive index ni, hitting a grating under the angle of Θi. Depending on the
grating period Λ, the incident wave will be diffracted into waves leaving the grating under the
angle of Θm. These waves are called diffraction orders. With the index of refraction nout of the
medium behind the grating, the incident plane wave and the diffracted plane waves are related
according to the well-known grating equation [85]:
nout sinΘm = ni sinΘi +
mλ
Λ
, (2.6)
where λ again denotes the wavelength of the light. The couplers considered here are first order
gratings, where the first diffraction order will propagate in the direction of the fiber, so m = −1
[86]. Furthermore, the incident wave will not be a plane wave, but a mode with an effective
refractive index ni = neff . As the grating is patterned atop the waveguide, the incidence angle
is given by Θi = 90◦ and (2.6) can be written as
nout sinΘ−1 = neff − λ
Λ
. (2.7)
The grating coupler will be operated with air as superstrate cladding, so nsol = nout = 1.
Moreover, vertical coupling with Θ−1 = Θout = 0 will be considered. Now (2.7) can be
rewritten in terms of the grating period Λ = Λg:
Λg =
λ
neff
. (2.8)
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This gives the basic design criterion for a grating coupler. Sometimes, the out-coupling angle
Θout = Θ−1 is slightly off-axis, resulting in a tilted fiber with respect to the surface normal
[87]. This will avoid second order back reflections into the waveguide. Equation (2.8) depends
on the wavelength λ and effective refractive index neff of the propagated mode. Generally, also
neff depends on λ. If the desired wavelength of operation is set, neff has to be calculated for the
given waveguide design in the coupler region. As noted before, the single-mode waveguide used
within the optical chip is tapered to a width of 10 µm in the coupler section to allow for a large
mode overlap. Using the numerical methods shown in section 2.1, neff of the fundamental mode
is calculated to be 1.510. Note, that this value differs from the one of a single-mode waveguide
with a 2× 2 µm cross section, where neff = 1.480. As the best operation wavelength is directly
proportional to neff , the same grating would result in a wavelength shift of ≈ 30 nm for the
desired wavelength of 1550 nm. As the 3 dB bandwidth of a coupler is known to be less than
35 nm, a dramatic decrease in coupling efficiency would be the result for one of the two width
configurations.
Moreover, process variations will change the waveguides’ shape. Figure 2.12 shows the neff
change depending on the RLT as well as the resulting shift of the best operation wavelength.
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Figure 2.12: neff change for a waveguide height hwg = 2 µm and width wwg = 10 µm depend-
ing on the RLT with the resulting operation wavelength shift
Generally, the ability of a grating to couple light into a waveguide depends on the polariza-
tion of the incident light. Usually, the coupling efficiency of the grating will be much higher for
TE polarization, where the electric field is in x-direction or along the grating grooves, than for
transverse magnetic (TM) polarization, where the electric field is perpendicular to the grating
lines. Therefore, a grating can also be used as polarization splitter [88]. Polarization diversity
structures are possible by the use of crossed gratings. Here, the TE and TM fraction of the
incident light are coupled into two orthogonal waveguides, which are recombined later [89].
Alternatively, one can also take care of the polarization of the incident light by using a polar-
ization maintaining fiber (PMF) instead of an ordinary single-mode fiber for coupling to the
waveguide. As the use of polarization divers couplers will increase the design and fabrication
effort, PMFs are used in the following.
The amount of the intensity scattered into the upward direction, given by Iout
Iin
, will depend on
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the grating shape. Here, a uniform grating will be considered. All periods show the same etch
depth dg, as well as the same duty cycle τg given by τg = lgΛg . For calculating Iout (dg, τg),
FDTD simulations were performed again. It is not feasible to consider the given structures
three-dimensionally due to the resulting computational effort. To reduce this effort, the grating
coupler can also be treated as a two-dimensional slab waveguide. If no special measures are
taken, this approximation will induce an additional wavelength shift ∆λ. As the waveguide in
the grating region is largely elongated in the direction of the grating lines, its neff is close to the
one of a slab and will therefore induce a ∆λ of less than 3 nm.
If a grating is considered as uniform and back-reflections from the grating as well as the
substrate can be neglected, the amplitude of the guided mode as well as diffracted light will
show an exponential decay from an initial value A0 in y direction. For perpendicular coupling,
thus Θout = Θ−1 = 0◦, the amplitude of the upward scattered light can be expressed by [27]
A = A0e
αy, (2.9)
where α denotes the coupling strength of the grating. Of course, the conversion efficiency
from the exponential decay to the Gaussian beam profile of the fiber is limited. If the coupling
strength can be adjusted, a maximal conversion efficiency of approx. 0.8 are possible [90].
As α also depends on the grating shape, one can adjust the beam profile, e.g. by varying the
duty cycle τg [21] and/or the etch depth dg of each period [91]. This in principle allows higher
coupling efficiencies compared to uniform gratings. The higher the index contrast at the grating
interface, the higher the coupling strength α. This will be discussed in detail in section 2.2.2.3.
Typically, polymer gratings have a much smaller index contrast compared to SOI. In this case,
α ≪ 1 and (2.9) will transform into A ≈ A0, if short gratings are considered. This is the
case, as the grating length is given by the mode diameter of the single-mode fiber and equation
(2.8) yields a grating with only about 10 periods. It is therefore sufficient to consider uniform
gratings. Figure 2.13a shows the dependence of the relative coupling efficiency on the duty
cycle of the grating teeth τg = lgΛg . An equal spacing of protrusions and trenches, i.e. τg = 0.5
shows the best result. For the grating depth dg the optimal value is 425 nm as can be obtained
from figure 2.13b. A larger etch depth will cause strong back reflections in the waveguide,
which will make the grating less effective [17, 92].
Even with an optimized layout, the efficiency of a grating embedded into a polymer waveguide
is still limited to <2 %.
One way to increase this value is to take care of the intensity It remaining in the waveguide.
As the coupling strength of the grating is low, a large amount of the incident intensity Iin will
still be propagated in the waveguide after the grating. If It is reflected backwards, it can interact
with the grating once again to increase the coupling efficiency. A possible mirror which can
be integrated into the waveguide is a Bragg reflector. Alternatively, both waveguide directions
may be recombined by bending them together to increase the efficiency [93].
A grating will not only emit a diffraction order in the upward direction, thus m = −1, but also
in the substrate direction, hence m = 1. This might be reflected upwards again to increase the
efficiency. Figure 2.14 depicts a setup with a waveguide Bragg reflector and a bottom reflector
formed by the substrate-cladding interface.
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Figure 2.13: Relative coupling efficiency depending on the gratings duty cycle τg = lgΛg (a) and
etch depth dg (b) for a slab waveguide with hwg = 2 µm
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Figure 2.14: Setup of a grating coupler with adjacent reflector and substrate reflector
2.2.2.1 Waveguide Bragg Reflector
First and Higher Order Reflectors
A waveguide reflector can increase the amount of light scattered by the grating. The basic oper-
ation can be understood by an arrangement shown in figure 2.14. In principle, some part of an
incident plane wave is reflected at every interface of two media i and j, where ni and nj are the
complex RIs of the incident and the transmitted medium. The respective polarization-dependent
coefficient of reflection rij , giving the amplitude of the reflected to the incident wave, and the
coefficient of transmission tij , which gives the amplitude of the transmitted to the incident wave,
are referred to as Fresnel’s formulae [94]:
tijTM =
2ni cosΘi
nj cosΘi + ni cosΘj
tijTE =
2ni cosΘi
ni cosΘi + nj cosΘj
(2.10)
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rijTM =
nj cosΘi − ni cosΘj
nj cosΘi + ni cosΘj
rijTE =
ni cosΘi − nj cosΘj
ni cosΘi + nj cosΘj
.
(2.11)
Herein, Θi and Θj are the respective angles of the incident and the transmitted wave vector with
respect to the interface normal.
Figure 2.15 depicts a vertically layered stack of two materials with an incident wave of am-
plitude A. The stack comprises of two alternating materials of thicknesses l and g, together
Λ
A
z
x y n1
l
A1,12
A2,12
A1,21
n2
g
Figure 2.15: Vertically stacked reflector with an incident wave from the left
forming the pitch Λ. For the reflected intensity within the stack to be maximal, all reflections
caused by the interfaces need to interfere constructively. As the structure is periodical, it will
be sufficient to match the phase of A1,12, A1,21 and A2,12, which can be expressed as:
A1,12 = Ar12 (2.12)
A1,21 = At12e
i
2pin2
λ
2gr21t21 (2.13)
A2,12 = At
2
12e
i
2pin2
λ
2gt221e
i
2pin1
λ
2(Λ−g)r12. (2.14)
For TE-polarization and normal incidence, the reflection coefficient r21 will induce a phase shift
of 180◦, so r21 = r12eiπ. The phase match of A1,12 and A1,21 yields:
gk =
k − 1
2
2n2
, k = 1, 2, 3, ... . (2.15)
Using this, Λ can be obtained from the phase match of A1,21 and A2,12:
Λjk =
j − k + 1
2
+ n1
n2
(
k − 1
2
)
2n1
λ , j = 1, 2, 3, ... . (2.16)
As gk has to be smaller than Λjk, it follows that k ≤ j. Conventional reflectors are often only
referred to j, k = 1, so a first order reflector. However, higher order reflectors with j, k > 1 are
possible, but will show a lower bandwidth.
Figure 2.16 shows the reflected intensity of a 20 µm long waveguide reflector obtained from
simulation. Herein, the depth dr of the structure is set to the full waveguide height hwg. More-
over, the best operation points obtained from the theoretical considerations are shown. Here,
the duty cycle is τ = l
Λ
, where l = Λ − g can be expressed by equations (2.15) and (2.16).
Note that the reflected intensity, hence the efficiency, is lower for higher order reflectors. Two
reasons may be responsible for this. Firstly, higher order reflectors have an increased pitch, as
j > 1. As the total length of the reflector considered in figure 2.16 is constant, the number
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Figure 2.16: Simulated reflection efficiency of a waveguide reflected with full waveguide height
and a length of 20 µm. The points + denote the theoretically calculated values
obtained from equations (2.15) and (2.16) with n1 = 1.537 (Ormocore) and n2 = 1
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of interfaces, and therefore the reflected intensity, is smaller. Secondly, and more importantly,
the duty cycle of the structures where k > 1 has to be considered. Here, the total length of
propagation within the waveguide material is diminished and the mode travels larger lengths in
areas where it diverges.
Etched Depth and Reflector Spacing
The wave traveling in backward direction will once again interfere with the grating coupler,
again generating a diffraction order in the upward direction. This wave will interact with the
diffraction order generated by the incident mode. As vertical coupling is considered, the wave
vectors of both diffraction orders will be collinear. The amplitude of the resulting plane wave
will therefore depend only on their phase relation. This can be changed by the space sr be-
tween the coupling grating and the reflector. Figure 2.17a shows the modulation of the coupling
efficiency depending on the reflector spacing. Here, constructive and destructive interference
alternate with a modulation frequency of ≈ λ
2neff
[16]. For correct operation sr has to be con-
trolled precisely.
The waveguide reflector can in principle show any depth 0 < dr < hwg. Practically, if dr 6= dg
or dr 6= hwg, additional lithography and etch steps will be necessary, which will increase the
fabrication effort. Figure 2.17b shows the dependence of the reflected and the transmitted in-
tensity on the reflector depth dr for a 20 µm long reflector, obtained from simulation. If the
reflector shows the same etch depth as the coupling grating, the ratio of dr to hwg is approx. 14
(conf. to figure 2.13). As visible from 2.17b, the efficiency of the grating will be very low for
this configuration. Even if the bragg grating is extended to a greater length, the reflected inten-
sity will not increase significantly, as a large part of the intensity in the waveguide is scattered
rather than reflected. For SOI systems, a reflector can usually show the same etch depth as the
coupling grating. The reflection ability of shallow etched gratings is enhanced here due to the
large RI contrast of silicon and air. A better way to enhance the reflected intensity for polymer
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Figure 2.17: Dependence of the waveguide reflector efficiency upon the geometrical parame-
ters: coupler efficiency depending on spacing sr between grating and reflector (a)
as well as reflected and transmitted intensity depending on the grating depth dr for
a reflector length of 20 µm (b)
waveguide reflectors is to increase the grating’s depth dr. Fortunately, the highest reflection
values can be obtained when the reflector shows the full depth of the waveguide. Hence, wave-
guide and reflector can be fabricated within the same patterning step during master fabrication.
If the coupling grating and the reflector are not obtained within the same step, this will narrow
the overlay margin, as the spacing sr is crucial. Moreover, an increased depth will also enlarge
the structure’s aspect ratio lr
gr
. This is neither beneficial for master fabrication nor the replication
process as will be discussed in sections 2.3 and 2.4 in detail.
2.2.2.2 Bottom Cladding Thickness and Bottom Reflector
As mentioned before, a significant part of the light scattered by the grating will not be emitted
in the upward direction, but transmitted to the substrate. The intensity fraction of the upward
and downward direction can be controlled, e.g. by the grating shape. Thereby, the square
profile considered so far can be exchanged by more complex shapes like a sawtooth [25] or a
parallelogram [95]. However, non square profiles will usually drastically complicate the fab-
rication process. Instead, the wave emitted into the substrate direction may be reflected back.
The reflector might be an interface between two materials with different RIs or more complex
structures like a multilayer reflector [88] or a metal mirror [87].
As mentioned above, the conventional substrate stack used so in the standard process consists
of a Si wafer with a SiO2 cladding on top. The interface of Si and SiO2 will cause back reflec-
tions of the downward transmitted wave, which can either enhance or reduce the output signal.
Figure 2.18 shows the principle configuration of a waveguide grating. For simplicity, vertical
coupling is assumed. A plane wave of amplitude A0 is emitted in the upward and one with At0
in the opposite direction. The RI contrast of the waveguide to the cladding is much smaller than
the one of the cladding to the substrate, hence r12 ≪ r23. Therefore, if the reflection from the
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Figure 2.18: Principle structure of a coupling grating with a bottom reflector
waveguide - cladding interface is neglected, the reflected part A1 of At0 can be expressed as:
A1 = A
t
0e
i
2pinwg
λ
2
(
hwg−
dg
2
2
(nsol+nwg)
+hrlt
)
t12e
i
2pincl
λ
2hclr23t21 . (2.17)
A priori, the plane of origin of the waves A0 and At0 is not known. In equation (2.17) the cor-
rection factor −dg
2
2
(nsol+nwg)
was introduced, which was not derived from theory, but correlates
well with the data obtained from simulation. A similar dependence has also been observed for
simulations in another publication [16]. In practice, the correction factor can be understood as
the plane waves originate from the middle of the grating depth dp and the grating is treated as
effective medium. Here, a duty cycle of τg = 0.5 is used and a linear interpolation of the two
media is assumed.
In oreder to constructively superimpose the waves A0 and A1, they have to meet the phase
matching condition which gives:
2pip =
2pinwg
λopt
2
(
hwg − dg
2
2
(nsol + nwg)
+ hrlt
)
+
2pincl
λopt
2hcl + pi , p = 0, 1, 2, ... . (2.18)
Now, the desired wavelength of operation λopt can be expressed in terms of the structure dimen-
sions:
λopt =
2
p+ 1
2
heff , (2.19)
with
heff =
(
hwg − dg 2
2 (nsol + nwg)
+ hrlt
)
nwg + hclncl . (2.20)
Practically, equation (2.19) means that there will be distinct values of heff to ensure an opti-
mal coupling efficiency. For example, figure 2.19 shows the coupling efficiency depending on
the bottom cladding thickness hcl obtained from simulation. From equation (2.20), it can be
concluded that the modulation of the efficiency will not only depend on the bottom cladding
thickness, but also on the RLT, the waveguide height as well as the gratings etch depth.
Many applications, e.g. a MRR setup, will require operation throughout a certain spectrum,
i.e. for variable wavelengths λopt. Unfortunately, the bottom reflector thickness can merely be
optimized for a distinct wavelength and certain value of p. The distance between the optimum
wavelength at p and the next maxima at p + 1 can be calculated by replacing p from eq. (2.19)
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Figure 2.19: Relative coupling efficiency of a grating depending on the bottom cladding thick-
ness hcl
into:
λopt + δλc =
2
p− 1− 1
2
heff , (2.21)
where δλc is the FSR of the bottom reflector. This will lead to:
δλc =
λ2
2heff + λ
. (2.22)
Figure 2.20a shows the FSR of the bottom cavity depending on the bottom cladding thickness
hcl. Again, the FSR will also depend on all thicknesses contributing to heff . As a broadband
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Figure 2.20: The FSR of the bottom cavity (a) and the substrate loss of the fundamental mode
(b) depending on the substrate cladding thickness hcl
operation is desirable, hcl should be as small as possible. Note that the FSR is not equivalent to
the bandwidth of the coupler, which will be smaller, due to the contribution of other elements.
35
However, a reduced substrate cladding thickness will give rise to substrate losses, as the evanes-
cent field of the guided mode intersects with the high RI substrate material. The losses depend
nonlinearly on the bottom cladding thickness and may show large values. This can be seen in
figure 2.20b. For accurate operation of most of the components of an integrated optical chip,
the losses should be as low as possible, demanding large cladding thicknesses. This is contrary
to the boundary condition originating from broad band operation. For polymer grating couplers
this discrepancy is more evident than for systems with high index contrast. SOI waveguides
show a high confinement, allowing for bottom cladding thicknesses around 1 µm with minor
losses. For a polymer waveguide, the bottom cavities FSR may dominate the ones of the grating
itself and the waveguide reflector.
A way to circumvent losses but maintain a sufficiently large FSR is to add a spatially confined
reflector to an arbitrary depth within a thick cladding. For example, this might be possible by
the local deposition of a metal mirror, which can be further coated with a cladding material.
Metal reflectors would also allow for enhanced efficiency, as the achievable coefficient of re-
flection is higher than the one of the Si/SiO2 interface [87]. However, the fabrication effort will
be increased due to a larger number of process steps, also requiring additional alignment.
2.2.2.3 High Refractive Index Overlay
Even with the efficiency enhancement techniques described so far, the achievable coupling effi-
ciency is limited. As mentioned above, the grating strength α is comparably small for a low RI
contrast of the waveguide to the cladding material. Therefore, long gratings would be required
to achieve a high coupling efficiency. If uniform gratings are considered, the optimum grating
length sopt is be given by [96]:
soptα = 1.36756 . (2.23)
As mentioned earlier, α depends on the grating dimensions. Moreover, it can be related to the
refractive index contrast at the grating interface by [92]:
α = ζ
(
n2wg − n2sol
)2
, (2.24)
assuming a square grating profile and lossless materials, where ζ denotes a constant taking the
grating geometry into account. Figure 2.21 shows the dependence of the optimal grating length
sopt on the refractive index contrast ∆n calculated using equations (2.23) and (2.24). Here, ζ
is adjusted to give optimum coupling to a standard single-mode fiber with sopt = 9− 10 µm
for a SOI system with typically ∆n = 2.45 to air. The possibility of adjusting ζ by the grating
geometry is limited. A comparable grating in the polymer configuration considered here, where
∆n = 0.537, would result in a grating length of ≈1000 µm. Note, that the values shown in
figure 2.21 can only give a rough estimation of the underlying trend. In practice, it is very
difficult to adjust ζ to the same value for different material systems.
A feasible way to enhance ∆n is to use a high RI overlay material in the grating region.
As high RI polymers are not available, mainly inorganic materials like silicon nitride are al-
ready used. Hybrid polymers containing inorganic components like titanium dioxide may also
be possible. Different integration schemes have been proposed. The grating overlay might be
fabricated using PECVD of silicon nitride. Consecutively, it can be removed outside the grating
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Figure 2.21: Optimum grating length required to gain maximum overlay to a Gaussian profile of
the same diameter depending on the refractive index contrast at the grating surface
areas either by RIE [27] or wet etch using HF [76]. All results shown so far use a grating at the
waveguide bottom, which will require the patterning of the cladding and a certain alignment of
the waveguide. Moreover, the pre-patterned surface will of course influence subsequent process
steps. In addition, PECVD is a process requiring temperatures which are able the degenerate the
used polymers. The same holds true if HF wet etch is performed on hybrid polymers containing
silica. Moreover, silicon dioxide removal using RIE will require a precise endpoint detection.
Figure 2.22a shows the overlay architecture proposed here. It consists of a top grating coupler
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Figure 2.22: High RI coating for a grating coupler (a) and the calculated efficiency enhancement
depending on the overlay’s refractive index and height (b)
and an overlay of height do using a material with refractive index no. The material might be
silicon nitride or silicon which can be deposited via electron beam evaporation and selectively
stripped using lift-off. In contrast to layers deposited using PECVD or sputtering, the overlay
will not show a conformal coverage, hence the top and the bottom overlay are not connected.
Figure 2.22b shows the enhancement of a structure showing an overlay depending on no and do.
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For the simulation, an optimized grating coupler without any additional efficiency enhancement
measures was used. For best operation, the coupler shows an efficiency of ≈35 %. Obviously,
the behavior shown in figure 2.22b cannot be explained using equation 2.24. Herein, the cou-
pling strength should monotonically increase with the refractive index. The simulation results
obtained so far suggest that the behavior originates from a resonance phenomenon within the
overlay material. Light will enter the high-index cavities at the grating bottom and form a res-
onant cavity, if neff of the errected mode matches the resonance length given by Λg − lg. For
the given values of no, silicon would be a very promising material. For lower RI materials the
effect vanishes, as the necessary do will exceed dg and the exited modes in the top and bottom
parts of the grating overlay will couple.
Many other measures to increase the coupling efficiency have been proposed, mainly for
SOI. For example, a local tooth height overlay of the same material as the waveguide itself, has
proven to enhance the coupling efficiency [97]. In any case, a careful analysis of the benefit of
each measure and the effort taken to achieve the same is inevitable.
2.2.2.4 Optimization and Desired Design
So far, the principle grating coupler design and additional efficiency enhancement measures
have been discussed separately. The discussed dependencies also hold true if an entire system
is designed, with all of the proposed components being integrated. The different structures will
also influence each other, which makes a detailed optimization of some parameters necessary.
Previous publications used a sequential approach, optimizing the parameters of the elements
one after another to obtain a design [16]. This procedure will only gain the global efficiency
maximum if the starting points of the optimization are sufficiently close to the desired optimal
point. However, the optimization is applied to a function, which may show local efficiency
maxima. Therefore, a more general approach to find a design is useful.
The desired grating coupler consists of a coupling grating, a waveguide reflector and a bottom
reflector formed by the cladding substrate interface. As the grating pitch is given by the coupling
condition, six parameters will remain for optimization (grating depth dg, grating duty cycle τg,
reflector spacing sr, reflector pitch Λr, reflector duty cycle τr, bottom cladding thickness dc). If
a full sweep is to be performed along each parameter axis, this would result in βσ calculations,
where β is the number of steps of one parameter and σ is the number of parameters. The
resulting computational effort is large, even if the above mentioned simplifications are applied.
Therefore, it is necessary to use an optimization algorithm. As knowledge of the underlying
type of function had not been available, a downhill simplex method with randomly generated
start design points was used for optimization. The variable step size allows a fast approach to a
maximum also for multidimensional functions. As the function shows multiple local maxima,
random sets of design parameters were used as starting points. The final design is given in
table 2.3. Allowable tolerances along each parameter axis to achieve 1 dB or 3 dB loss are also
given. This will be of major importance when deciding on required specifications for master
fabrication, replication and imprint as discussed below.
The same optimization procedure was performed for a high RI overlay design. The design of
the underlying polymer structure differs from the one shown in 2.3. However, as the underlying
physical effects are not yet satisfactorily understood and the fabrication process will require
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Table 2.3: Final design with required specifications to ensure 1 dB or 3 dB additional loss
Dimension Best point 1 dB Loss 3 dB Loss
Grating Depth 407 nm −150 nm −40 % – –
+20 nm +5 % +37 nm +9 %
Grating Duty Cycle 0.476 −65 nm −13 % −144 nm −29 %
(Tooth Width) (497 nm) +76 nm +15 % +232 nm +47 %
Reflector Spacing 865 nm −80 nm −9 % −133 nm −11 %
+98 nm +11 % +196 nm +23 %
Reflector Pitch 610 nm −29 nm −5 % −98 nm −11 %
+69 nm +11 % +210 nm +35 %
Reflector Depth 2 µm −460 nm −19 % −1.48 µm −62 %
– – – –
Reflector Duty Cycle 0.624 −125 nm −53 % – –
(Tooth Width) (380 nm) +57 nm +24 % – –
Bottom Cladding Thickness 5.54 µm −0.11 µm −2 % – –
+0.11 µm +2 % – –
further process steps, yielding additional uncertainties, the simplified version was used.
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2.3 Master Fabrication
NIL was introduced in 1.2. Herein, many materials like nickel, silicon, fused silica, polymers,
sapphire or even diamond can be used as a stamp. The decision upon a material depends on the
requirements from the targeted process as well as the affordable process scheme. If a decision
for one specific technology is made, not only the general capability of the process but also
the boundary conditions are essential. The use of different substrate sizes, ranging from small
samples with arbitrary shape to wafers with up to 300 mm diameter, is possible. Mostly, an
entire production line, lab or machine is dedicated to one single substrate size. If a production
scheme has to be set up involving machines from different labs, this is the first major concern
to be taken into account.
All discussions in the following are targeting silicon as a master material. Silicon is the mature
substrate material for IC and MEMS manufacturing. Many processes are well optimized for the
processing of silicon. The most important factor which qualifies silicon for master production
here, is the availability of dry-etch processes with a comparably high selectivity to conventional
resist materials.
The following outlines the three major steps necessary for a silicon master fabrication with
multiple height levels: lithography in section 2.3.1, planarization in section 2.3.2 and etch in
section 2.3.3. As a result, a process flow which is capable to fabricate the master patterns for
waveguide embedded grating couplers is described in section 2.3.4.
2.3.1 Lithography
Lithography techniques are used to pattern a given resist layer. Various mechanisms can be
used to either change the chemical composition and behavior or the mechanical properties of
a resin. Depending on the specific mechanism of action, the smallest achievable feature size
is physically or technically limited. A fabrication process for silicon master structures has
to consider the necessary dimensions and tolerances calculated in section 2.2.2. In order to
choose an appropriate lithography technique, different options will be reviewed in this section.
Based on these considerations, EBL and projection lithography using an i-line stepper will be
discussed in detail.
For lithography, generally two characteristics are very important: resolution and aspect ratio
(AR) of the resist pattern. Some commonly available approaches to obtain resist patterns are
listed in table 2.4. The resolution limits of the individual techniques differ. For proximity pat-
terning using mask aligners usually operating at a wavelength λ of 365 nm, the resolution is
limited to a line width > 500 nm, assuming a resist thickness D and gap G which is common
in production. However, this is not sufficient for the production of the features proposed in sec-
tion 2.2.2. Using proximity patterning, the resolution limits of isolated and dense lines are not
necessarily different. In contrast, if projection lithography is considered, the resolution limits of
these differ significantly (cf. section 2.2.2). The projection through an optic can be understood
as a Fourier transformation of the light modulation present on the mask into spatial frequencies.
The optical system used can be seen as a low-pass for the transformed signal, where the cut-off
frequency is mainly determined by its numerical aperture NA. Other factors of influence, e.g.
coherence or multiple patterning approaches, are usually summarized into the K-factor. For
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Table 2.4: Different lithography techniques to obtain resist patterns for the production of sili-
con master structures
Resolution Overlay Accuracy1 Pattern Diversity
Proximity Patterning CD = 3
2
√
λ
(
G+ D
2
)
* <1000 nm ‡ on mask
Projection Lithography Λ = K λ
NA
** <50 nm ‡‡ on mask
Laser Direct Write CD = 0.61 λ
NA
† <50 nm ⋆ arbitrary
or CD =
√
dλ
2π
††
EBL Direct Write CD ≪ 50 nm † <15 nm ⋆⋆ arbitrary
1 Note that the given values are specific to a certain machine and are usually neither given for the same area of
interest nor for the same mode of operation. The values might be lower or higher for others and are not directly
related to the given resolution limit.
* [98]. ** [99]. † [100]. †† [61].
‡ 6200∞ (EVG). ‡‡ PAS 5500/250C (ASML). ⋆ DWL 2000 (Heidelberg Instruments). ⋆⋆ SB3050DW (Vistec).
this system, the resolution is related to the pitch Λ of the structures to be resolved. The duty
cycle (DC) can be influenced by the process parameters leading to CD = Λ · dc. Considering
an i-line stepper, utilizing an operation wavelength of 365 nm, the minimal resolvable pitch is
below 600 nm.
Apart from the mentioned optical replication techniques, where a the same pattern present on a
mask is replicated either once or multiple times on one wafer, direct write strategies are able to
change the pattern on the fly. For the direct write of resist patterns, e.g. EBL, LDW or ion beam
writing can be used. These techniques also offer gray scale or full three-dimensional patterning
capability. With gray-scale lithography, a resist mask is not only resolved as a binary pattern,
but the residual resist height can be influenced on purpose [43]. This can also be used for the
production of multilayer master structures. Fundamentally, the smallest feasible feature size
using LDW is given by the fundamental mode of propagation also known as Gaussian beam.
Despite of the fact that sub-500 nm resolution is in principle possible, the process conditions
limit it further. Most commercially available machines are only able to resolve patterns larger
than >500 nm. If charged particles are used as a patterning beam instead of photons, the oper-
ation "wavelength" is considerably diminished, as the particles have a mass. Therefore, particle
related patterning techniques are usually limited by scattering [100] instead of diffraction. Elec-
trons or ions (e.g. helium, argon or gallium) can be used as particles.
In summary, only projection lithography, EBL and ion beam lithography are able to gain
the necessary resolution to produce the structures proposed in 2.2.2. Since ion beam lithog-
raphy systems are relatively rare, the further considerations will focus on commonly available
projection lithography as well as EBL.
2.3.1.1 Projection Lithography
In projection lithography, a pattern from a mask is projected to a resist layer through a projection
optic. Projection optics have been developed since the mid-1970s to replace proximity printing
as they offer higher resolution and avoid direct contact of mask and resist [99]. As it is a major
41
semiconductor technology, processes and supply chains are well organized. It is possible to or-
der masks from maskshops and exposed wafers from foundries on short notice and at reasonable
prices. Modern projection lithography tools are used in step-and-repeat (stepper) or scan-and-
repeat mode (scanner). Thereby, the mask pattern is projected to the wafer multiple times at
various positions, reducing the feature size by a factor of four or five, depending on the optics
used. As mentioned before, projection lithography is a diffraction limited technique and the re-
solvable pitch is given by Λ = K λ
NA
, where NA is the numerical aperture of the optic used, λ is
the exposure wavelength and K is a factor depending on the lithographic approach and process
used. To increase the resolution capability, one can use better optics, which can increase the
NA to a maximum value of 1 or 1 ·ni when immersion is used and ni is the refractive index of
the immersion liquid. Alternatively, smaller exposure wavelengths can be used. During the past
few decades, various lithography stepper/scanner generations have been developed using wave-
lengths of 365 nm (i-line), 248 nm and 193 nm (deep UV (DUV)) as well as 13.5 nm (extreme
UV (EUV)). When choosing an appropriate technology for a specific application, the smallest
necessary pitch should be resolvable with the technique. Thereby, the largest exposure wave-
length should be used as newer techniques are more elaborate and therefore result in higher tool
and mask costs. Considering the dimensions in the layout proposed in 2.2.2, roughly 600 nm
dense lines/spaces and approx. 200 nm trenches are required. An i-line stepper (λ = 365 nm,
NA = 0.6) is capable to resolve these features. E.g. using a PAS 5500 250-C (ASML) i-line
stepper, an entire chip with a maximum field size of ≈ 27.4× 20 mm2 can be exposed within
one shot. If smaller chip sizes are needed, it is also possible to embed several different designs
on one mask and expose them independently. The integration of the lithographic process into a
production scheme requires a deeper insight into the image and pattern formation is necessary.
Dose to Size
As mentioned previously, a projection of features using an optic is a diffraction and, thus, spatial
frequency limited process. The aerial image displays the intensity distribution depending on
the position without taking resist interactions into account. If only three spatial frequencies
(−1st,0th and 1st diffraction order) can pass the optic, an intensity distribution like the one
shown in figure 2.23 can be observed. One can observe that it does not resemble the perfect
on/off ratio as present on the mask.
To get a rough estimation of the resist interactions, it is supposed to have a certain threshold,
where its characteristics change in areas exposed with a higher dose and stay the same in the
others. If the exposure dose is varied, the resulting CD will also alter. This can be used to finely
adjust the CD of a given feature. Unfortunately, as all features present on a chip are exposed
at the same time, a dose change will influence them all. Larger pitches will be effected less,
as more diffraction orders may be available to form the aerial image. This will lead to steeper
intensity changes at the feature sidewalls which is equivalent to a larger normalized intensity
log slope (NILS). Nevertheless, if all features have to be on target, a pre-correction of the mask,
based on known process parameters, is necessary.
Sidewall Profile
When a resist layer is exposed with a certain pattern, the light will interact with the given stack
shown in principle in figure 2.24. The resist of thickness D forms a resonator similar to the
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Figure 2.23: Aerial image of a 700 nm pitch grating with equal lines and spaces on the mask
(λ = 365 nm, NA = 0.6)
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Figure 2.24: Resist layer on a substrate
bottom cladding of a grating coupler as described in section 2.2.2.2. Similar to the derivation
of (2.17), one can calculate the intensity I along the z-axis being perpendicular to the surface
[99]:
I(z) = Teff
(
e−ξz + |τ23|2 e−ξ(2D−z) + 2 |ρ23| e−ξD cos 4pin2(D − z)
ξ
+ φ23
)
, (2.25)
where
ρ23 = |ρ23| eiφ23 ,Teff =
n2
n1
|τ12|2∣∣∣1 + ρ12ρ23ei4πn2Dλ ∣∣∣2 and ξ =
4piκ
λ
with n = n+ iκ.
Figure 2.25a shows the intensity modulation depending on the resist position. Note that only
a principle dependence can be shown with the used model, as the resist interactions usually
include diffusion and self-bleaching effects not covered here. However, a clear dependence of
the intensity upon the resist position is visible. This results in modified or unmodified resist
regions. The aforementioned resist interactions counteract this behavior but cannot completely
avoid it. The outcome is visible in the sidewall profile of the resist trench. One example is
depicted in figure 2.25b which was exposed using an i-line stepper. This kind of resist profile
does of course influence subsequent process steps. Although the fabricated undercuts may be
beneficial for lift-off processes, the reduced sidewall stability may deteriorate RIE results.
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Figure 2.25: Intensity variation within a resist layer neglecting self bleaching effects (a) and the
sidewall roughness of a photo resist layer originating from standing waves (MCPR
i7010g (Dow Chemical) on silicon exposed with a PAS 5500-250C (ASML)) (b)
Swing Curve
The proposed layout involves structures at two height levels. These may be fabricated by gray
scale lithography and the use of RIE processes with defined selectivity. A more straight forward
way, which also allows easier process control, is the use of two patterning steps. However, when
a resist layer is applied onto an already patterned substrate, its thickness will be disturbed. Even
if the resist is capable to cover all patterns, its height on top of protrusions and within trenches
will differ, as sketched in figure 2.26b. The variable resist thickness has got an influence on
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Figure 2.26: Swing curve showing the critical dimension (CD) dependence on the resist thick-
ness during exposure (a) and resist variations due to the spin coating on pre-
patterned substrates (b)
the dimensions of the exposed resist patterns. Figure 2.26 shows the CD swing curve of an
exposed pattern depending on the absorbed intensity within a resist stack of variable thickness.
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As the NILS is large for small features, their CD dependence on the resist thickness is also
large. As this is a crucial issue, resist thickness variations must be well below λ
2n2
and are
usually controlled to single-digit-nm precision in i-line lithography. Additionally, a bottom
anti-reflection layer (BARC) may be applied to the substrate prior to the resist.
2.3.1.2 Electron Beam Lithography
By the use of electron beam lithography (EBL), structures down to sub-10 nm can be achieved
[100]. In principle, electrons originating from a cathode are confined to a beam and subse-
quently accelerated towards a substrate. Two principle exposure strategies exist: Gaussian
beam, where a "point" is continuously or stepwise moved over a surface, more or less resem-
bling an scanning electron microscope (SEM), or shaped beam, where predefined primitives are
projected. Using a variable shaped beam, an aperture or the overlay of various apertures can be
used. Depending on the used system, rectangular or triangular primitives are possible. Shaped
beam systems usually offer through-put benefits, as larger patterns can be exposed within one
shot. In contrast, Gaussian beam systems have to assemble primitives on a point-by-point ba-
sis. Nevertheless, much care has to be taken when free-form shapes are fractured into writing
primitives. Figure 2.27 shows a scanning electron micrograph of a resist pattern exposed with a
shaped beam writer (SB3050DW, Vistec) which was subsequently transferred into silicon. The
z y
x
Desired Shape
EBL Shots
Figure 2.27: Line edge steps on the curved shape of a focusing grating induced by the projection
primitives of the shaped beam writer (the patterned resist was already transferred
into silicon via RIE)
lines are part of a focusing grating, where the lines are not straight but curved. The shot bound-
aries are clearly visible. Any randomly distributed roughness will increase the scattering loss γ
within a waveguide, which is given by [30, 101]:
γ ∝ σ2 (n2eff − n2cl) , (2.26)
where σ is the variance of the surface or sidewall profile. A step-wise surface profile will
of course also induce losses. This is especially true for round shapes, like the ring in the MRR
setup. Here, the losses are most important, as they are directly coupled to the achievable quality-
factor and hence the sensitivity (cf. equation (2.5)).
For EBL, positive and negative tone resists are available. In principle, the resolution capability
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will mainly depend on the resist used, the working conditions and the substrate stack. Usually,
the decision for a specific resist system does not only depend on the EBL, but also on subsequent
process steps. Highest resolution will be achieved if thin resist layers are used, which may
limit, e.g., the achievable etch depth in a subsequent process step. In contrast to projection
lithography, the resist profile is mainly determined by forward scattering within the resist and
back scattering of primary or secondary electrons from the substrate [102] and will not show
a swing curve depending on the resist layer thickness. Hence, the influence of resist thickness
variations is less important than for a stepper exposure, but still not negligible.
Not only the electrons impinging on the resist layer expose it, but also primary and secondary
electrons scattered back from the substrate do. Therefore, adjacent patterns will influence each
other, which is known as proximity effect. For complex designs, a proximity effect correction
has to be performed to ensure the dimensions to be on target. For substrates consisting of
various materials in the lateral direction, this is a difficult task, as the amount and shape of
back-scattered electrons also depend on the substrate material [103].
2.3.2 Planarization
Planarization is performed to reduce the macroscopic roughness on a surface originating from
pre-defined patterns. In section 2.3.1, the influence of the resist layer thickness and its inhomo-
geneity on the achievable resolution and deviations from the desired dimensions were discussed.
For projection lithography and EBL, which are capable to achieve the resolution needed here
and are commercially available, a resist thickness variation has a significant influence on the
obtained results. Table 2.3 summarized the allowable process tolerances. They indicate that a
precise process control is needed to obtain high efficiency grating couplers. In order to minimize
topography variations on the substrate and, hence, resist thickness disturbances, planarization
is needed.
As lithography on pre-patterned substrates is a common issue during manufacturing of metal-
ization layers in semiconductor manufacturing, many processes have been developed to reduce
height variations. In principle, the used process should show good planarization properties for
arbitrary layouts, must be compatible with subsequent process steps, i.e. lithography and etch
in our case, and should of course not influence the predefined patterns. Chemical mechani-
cal polishing (CMP) is one possible method. A pre-patterned surface is first covered with an
additional layer of material. A common method is to use silicon oxide deposited by plasma-en-
hanced chemical vapor deposition (PECVD). Figure 2.28a depicts a substrate with a conformal
material layer on top. This layer is then selectively removed from the protrusions and will yield
a result as shown in figure 2.28b. During CMP, a grooved pad and a substrate are pressed
together by means of an external force, while moving them relative to each other. Addition-
ally, a slurry with specific chemical properties containing particles is used. CMP involves two
major components [104]: first, a decomposition of material due to a chemical interaction with
the overlay material, which usually shows isotropic behavior but can be selective between the
added material and the substrate. Secondly, it involves a mechanical grinding process which
will mainly lead to a material removal from protrusions. Additionally, it causes dishing and
pattern erosion [105]. Dishing occurs when the material overlay has been removed from the
protrusions and the slurry interacts with two chemically and mechanically different materials.
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Figure 2.28: A conformal coverage of a patterned surface with additional material, e.g. SiO2 (a)
and the selective removal using CMP resulting in dishing and erosion (b) as well
as a spin on planarization layer (c) and the resulting topography after a selective
back etch (d)
This mostly leads to an increased removal of the overlay material. Further, due to the mechani-
cal nature of the process, also the protrusions themselves will be effected. The erosion of these
patterns diminish the pattern height, which is in principle shown in figure 2.28b. Herein the
original profile is given by a dashed line.
Structure height variations have an impact on the mode profile of a waveguide (cf. section 2.1)
and, more importantly, on the operation of a grating coupler as described in section 2.2.2. The
amount of dishing and erosion depends on the microscopic layout, represented by pattern widths
and spaces as well as the macroscopic layout represented by the pattern diversity on an entire
wafer [106]. Of course, also the process parameters used, including the slurry composition,
have a major influence. Optimization of the CMP process for an arbitrary layout is difficult.
Due to the pattern size dependence of the material removal rate, some protrusions are exposed
earlier than others. As the process has to run until the overlay is removed from all patterns, this
will result in an amplified erosion of specific patterns.
Alternatively, the use of a spin-on planarization layer as depicted in figure 2.28c is possible. In
contrast to CMP, the elevated structures will still show a remaining layer after spin-on. Before
subsequent process steps can be performed, the planarization layer has to be partly removed,
leaving the substrate patterns unaffected, e.g. by selective etch back as depicted in figure 2.28d.
This can either be done by removing it completely or by using a remaining part as a mask, e.g.
for an etch step [42]. However, also the feasability to apply a spin-on planarization layer will
depend on the specific layout, as its resulting overlay profile also relies on the layout of the
patterned surface.
2.3.3 Etch
In order to obtain a master for imprinting, a resist pattern often has to be transferred into a
substrate material. As discussed previously, the use of silicon as a master will be followed
here. In the following, the principle influence of an etch process on the structure fidelity and the
impact on the optical design and performance are given. The optimization of a process to meet
the specific needs is a task on its own.
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Apart from other processes like wet-etch and ion-beam milling, silicon is usually patterned
using RIE with fluorine or chlorine compounds within a plasma chamber [107]. Conventionally,
these processes will show a non anisotropic material removal from the substrate, leading to a
resist undercut. To be able to achieve high aspect ratios, here defined as the ratio between lateral
size Cs to the etch depth e of a trench (conf. figure 2.29c), polymer builders like fluorocarbons
are added. These are able to protect or passivate the sidewalls of the trenches from etching,
thus facilitating an anisotropic behavior. If passivation and etch steps are used in an alternating
scheme, this is usually called the Bosch process. A typical result showing scalloped sidewalls
is sketched in figure 2.29a. Alternatively, the passivation and etch gases can be continuously
brought into the chamber. This can lead to a straight sidewall profile as sketched in figure 2.29b.
The used etch process does not only attack silicon but also the used mask. The selectivity is
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Figure 2.29: Results of a pattern transfer into a substrate using a deep reactive ion etch (Bosch
process) (a) or a perfectly anisotropic etch (b) and a result with several deviations
and respective dimensions (c)
given by e
D0−De
. Highly selective processes are desirable, as the resolution capability of all
lithography technologies is influenced by the used resist thickness, as was discussed in section
2.3.1. In general, two classes of masks are distinguished soft masks and hard masks. If a
resist layer from lithography is directly used for pattern transfer, this is called a soft mask.
Resist layers are often polymers, showing degenerated mechanical properties with increased
temperature. As the etching process involves exothermal chemical reactions as well as ion
bombardment, the surface temperature of the sample rises during etching and demands backside
cooling [108]. Alternatively, hard masks can be used. This is either possible by etching the
resist patterns in a material showing a high selectivity, e.g. silicon dioxide, or using metal
masks which can be applied using lift-off. However, additional steps may hamper a process and
have to be available and quantified.
Several factors have to be considered for the production of waveguides and grating couplers
by DP-NIL using silicon masters. Etch depth and the respective homogeneity are of major
importance for the achievable grating coupler efficiency, as known from equation (2.22). Un-
fortunately, the etch depth e obtained by RIE is neither independent of the trench size Cs, the
pattern density nor the position within a wafer [109]. Figure 2.30a depicts a rather extreme
example of this, which also includes a significant undercut, inclined sidewalls and roughness.
Roughness correlates to losses (eq. (2.26)) and hence, the achievable Q-factor within a ring
(eq. (2.5)). Therefore is has to be minimized. NIL is a diffraction unlimited replication tech-
nique, which will transfer most of the roughness, what was shown experimentally [110]. As the
desired waveguide material is a thermosetting material, roughness smoothening by subsequent
reflow after pattering [30] is limited. Moreover, annealing of the master for roughness reduction
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e(a) (b)
Figure 2.30: Dependence of the etch depth on the lateral trench size (a) and a example of rough
sidewalls and an undercut caused by silicon RIE (b)
[7] is also difficult, as it involves sophisticated equipment due to the high thermal stability of
silicon. Hence, roughness as depicted in figures 2.30b should be avoided during master fabrica-
tion. The lateral dimensions of MRRs and grating couplers are also of fundamental importance.
The gap formed between the straight and the ring waveguide is the most crucial point. The used
etch process should therefore show a minimum undercut u and should be perfectly anisotropic.
Moreover, the sidewall angle ϕe should be close to 90◦, due to the large aspect ratio ≈10 of
the gap. Conventional continuous etch processes show a low selectivity <5 against resist [72].
Therefore, the resist taper ϕr is also desired to be 90◦, otherwise it will also contribute to a
trench broadening, which cannot be pre-corrected for arbitrary patterns.
2.3.4 Desired Process Flow
Setting a production scheme for any kind of structure has to consider all processes involved,
as they might influence each other. Moreover, the necessary production methods as well as
suitable processes have to be available. The first limitation is given by the resolution needed,
which will require EBL or i-line projection lithography. Neither a working electron beam writer
nor a wafer stepper with a suitable process was available at both IHM or IPMS. Lithography
has to be performed using the equipment of collaboration partners, which is able to resolve the
patterns needed. Due to this, the amount of samples provided is limited. Etch and planarization
processes start with patterns and will show effects which depend on the pattern size, the pattern
density and the substrate size. In particular the substrate size limits the feasible equipment.
During the history of semiconductor manufacturing, substrate sizes from 1 in to 12 in have
been used. In most cases, the equipment used in a research laboratory is not a fabrication line
dedicated to one specific wafer size, but a random mixture of machines capable to handle one
or various sample sizes. Problems become more evident if the equipment of various institutes
or collaboration partners has to be combined.
Apart from these considerations, the basic capabilities and dependencies of lithography, pla-
narization and etch as well as the dimensions needed for device operation, the integration
scheme depicted in figure 2.31 was proposed. First, a resist is patterned by means of lithogra-
phy, which was intended to be done by EBL performed at the Fraunhofer Center Nanoelectronic
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II. Silicon Etch + Resist StrippI. Resist Patterning III. SiO Deposition2
IV. SiO Polishing2 V. Resist Patterning VI. Silicon Etch
MRR with Gap Reflector Coupler
Silicon Resist Silicon dioxide
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Figure 2.31: Desired process flow for the fabrication of a multilayer silicon imprint master ex-
hibiting section through a MRR gap as well as a grating coupler with adjacent
waveguide reflector
Technologies (CNT) and, as a back-up solution, using i-line stepper lithography in collabora-
tion with SAW components GmbH. The resulting soft-mask was subsequently transferred into
silicon by RIE with an etch depth of the desired single-mode waveguides. In order to perform
a second lithography step, the surface has to be planarized. A resist layer which is afterwards
spun-on this planarized surface will show less thickness disturbances and therefore allow for
a better dose to size controllability as well as homogeneity during exposure. In order to re-
duce the substrate’s topography height, it is conformally first covered with silicon dioxide using
PECVD. Afterwards this is selectively removed from the protrusions using CMP. The second
lithography step is again performed by the respective collaboration partners. The overlap accu-
racy between the two lithography steps can be relatively low, as long as the absolute position
between structures in both height levels has no crucial importance as resist trenches can overlap
into the regions patterned in the first step. In the following etch step, these regions will not be
transferred, as they are filled with silicon dioxide which shows low removal rates during silicon
etch (cf. detail A in figure 2.31). After the second etch step, silicon dioxide can be selectively
removed from silicon using buffered wet etch. As result, the desired master structure with two
independent height levels can be obtained.
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2.4 Nanoimprint Lithography
NIL is a patterning technology. In contrast to all optical lithography technologies, NIL is
not limited by diffraction and can reach sub-10 nm resolution. In contrast to many other ap-
proaches, NIL will not be used in its common sense here, thus as a lithography technology, but
as a direct patterning method (DP-NIL). For this variation, the patterns do not serve as mask
layer for subsequent process steps, but are directly used as functional elements. In analogy to
other lithography techniques there are many factors which change the patterning results. These
will influence the operation and efficiency of the produced elements, which are envisaged to
manipulate light in the present case. Table 2.3 tried to give an overview of process tolerances
for the desired design. In addition to the factors characterizing nearly every patterning process
(resolution, line edge roughness, sidewall angle, registration and overlay, ...), the formation of
a residual layer and its thickness homogeneity are inherent to NIL. The RLT optimization as
well as compliance with a certain defectivity and yield level are main factors of process devel-
opment. The following section focuses on some of the factors which will influence the results
with respect to the desired integrated optical elements. The aim of this work is to show a proof
of principle. Therefore, neither the optimization of process times, nor the yield is discussed in
detail, unless it has a significant influence on the obtained results.
As the first publications on NIL date back to the early 1990’s, a giant variety of processes,
materials and machines were proposed, developed and tested. If a solution for a specific prob-
lem has to be found, one does not only have to take into account if a production technology is
capable to solve the problem, but also if it is available. Similar to the master fabrication, the
problems increase, if a complete process needs to be set up and a variety of compatibility issues
have to be taken into account as well.
MRRs and grating couplers are fabricated using direct patterning UV-assisted nanoimprint
lithography within this work. The use of UV-curable polymers was first proposed for the repli-
cation of compact discs [111] and since then it has emerged either for direct patterning or for
lithography. UV-NIL can be either done on a wafer-scale [112] or in a step-and-repeat manner
[113]. Using waver-scale printing, a full wafer is patterned within one imprint step, mostly
replicating several chips with the same layout at once. In contrast, a single chip can be re-
peatedly imprinted in different positions of a wafer, each time performing a complete imprint
step. The latter is the one mainly followed here, for three main reasons: Firstly, as explained
in section 2.3, the production of a suitable master is a sophisticated task. It involves several
process steps, where effort and cost scale with the patterned area. As step-and-repeat imprint-
ing is capable to pattern a small chip several times on a wafer, this is a viable route. Secondly,
the development of a step-and-repeat imprint process was the main focus of an accompanying
PhD work, which enables the extensive use of previously acquired knowledge. Thirdly, the only
commercial imprint tool available at IHM and IPMS is a NPS 300 (SET / Süss Microtec).
2.4.1 Step-and-Repeat UV Nanoimprint
The repeated imprint of single chips on one substrate is possible for both, UV-NIL and T-NIL.
Thereby T-NIL requires the stamp and the substrate to be heated separately. A rather large
thermal load, resulting in temperatures above or close to the resist’s glass transition temperature,
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may lead to pattern deterioration of adjacent imprint sites. UV-NIL is therefore preferable unless
it implicates other restrictions which will be partly reviewed below.
Resist Application
To perform an imprint on a substrate, first of all a resist has to be applied. Generally, two
methods are commonly in use: spin-coating as well as drop-on-demand dispensing. The most
successful version of the latter in commercial terms is also known as step-and-flash (SFIL),
mainly used by Molecular Imprints [113]. Therewith the local resist volume can be adjusted to
a given layout. The exposure of adjacent sites is not of interest, as the material can be applied
precisely in the chip site currently interesting for patterning. The defined application of resist
by drop-on-demand dispensing is a comparatively difficult task, which involves the use of a
special dispenser unit. The operation conditions have to be adjusted to the specific imprint
resist. Alternatively, spin-coating can be used. This does not involve sophisticated equipment
and is a mature IC manufacturing step. Providing that the substrate is flat and shows the same
surface chemistry, the resulting resist amount will be equal all over, apart from the inherent
formation of an edge-bead.
Cavity Filling and Residual Layer Thickness
Imprint cavity filling can be considered on two levels. Firstly, the resist interaction with a single
pattern can be considered. Hereby, the interactions of the resist with the cavity geometry have
to be taken into account. Additionally, a respective pressure originating from the compression
of the trapped air may be considered. Most of the considerations shown in literature are bare
phenomenological descriptions or are done by numerical simulations e.g. [114, 115]. The latter
usually largely vary in terms of approach and scalability.
For cavity sizes much larger than the involved resist molecules, two basic mechanics are rele-
vant: capillary filling and squeezed flow. Both mechanism vary in the origin of the forces which
drive the polymer to fill a cavity. If the contact angle of the resist and the mold surface is smaller
than 90◦, capillary forces will try to minimize the unwetted mold area once the resist has entered
the cavity. Hence, the tendency of the system to form an energetically favorable state fills the
cavities. The necessary material has to be acquired from the residual resist layer underneath the
mold protrusions. The flow within these gaps is limited by viscosity, residual cavity height and
length. Thereby, the filling might be hindered and an external pressure has to be applied to force
the polymer to enter the cavities. In this case, the viscous nature of the resin will dominate the
filling process and a squeezed flow has to be present. The point at which one or the other effect
dominates depends on the specific system, which is, among others, influenced by contact angle
between resist and mold.
The viscosities of thermoforming resins above their glass-transition temperature are signifi-
cantly higher (> 10 kPas) than those of thermosetting resists for UV-NIL (< 100 mPas) [116,
117]. Moreover, UV-NIL resists usually show a contact angle of < 90◦ even on molds with
applied ASL [117]. They therefore pronounce capillary induced filling.
Another goal of an imprint process is to yield a certain residual layer thickness and homo-
geneity. This is of tremendous importance to the patterns considered here, as the device per-
formance will be strongly influenced by the exact RLT (cf. section 2.2.2.2). As the focus is on
step-and-repeat imprint in spin-coated films, the pattern density will have a significant influence
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upon the residual layer. The understanding of the underlying effects is therefore of importance.
The application of the aforementioned algorithms for the simulation of cavity filling is usually
impossible for the large areas of interest, e.g. an entire chip to be imprinted. The considerations
in the following show more or less generalized trends. A detailed analysis, e.g. of a spatially
adjusted resist amount, the use of dummy fill patterns as well as the mold stack architecture,
is essential for imprint optimization, however it was not performed during this work due to the
lack of time.
The basic fluid mechanical equations to handle the RLT are similar to the ones used for
cavity filling. Based on the general Navier-Stokes equation, abstracted models, e.g. coarse
grain, are usually applied in order to consider the RLT within large areas [118–120]. In contrast
to the cavity simulations, the limited mechanical strength of the mold and substrate, i.e. their
deformation during imprint, has to be taken into account. Based on the adapted Navier-Stokes
equation given in [119] one can give the polymer flow q within a slab of height hrlt by
q ∝ h
3
rlt∆p
µlc
, (2.27)
where µ is the resist viscosity and lc is the channel length. This is similar to the well-known
Hagen-Poiseuille law describing the fluid flow within a tube. Note that this is a rough approx-
imation, as the resist viscosity is not a constant parameter (e.g. shear thinning [121]) or the
material is able to slip along the mold-resist interface [122].
However, equation (2.27) allows some general conclusions. The polymer flow within the resid-
ual layer is needed to fill the cavities but also to reduces its deviation. The smaller the respective
flow, the longer are the imprint cycles to achieve a certain constraint. The slab thickness hrlt
has a major influence. It should therefore be as large as allowed for any given application. Irre-
spective of this, a resist flow within a slab will only start when a pressure difference is present.
Note that this pressure is not equivalent to the applied imprint pressure, as a homogeneous
pressure distribution along the entire imprint area will not cause any pressure difference when
the cavities are already filled. A pressure difference will usually arise if either the mold or the
substrate are deformed. The resulting ∆p is thereby related to the deformation, thus the RLT
inhomogeneity, and the mechanical strength of the system, mainly given by Young’s moduli of
the stacks materials. To be able to achieve a minimal inhomogeneity, Young’s moduli should
be as high as possible. This is contrary to the intrinsically low elastic modulus of polymer mold
materials. Note that a pressure difference may also arise from flatness deviations of mold and
substrate.
Equation (2.27) further implies that it is generally desirable to reduce the area between trenches
which have to be filled in the master, as this will reduce lc. This is of crucial importance for the
DP-NIL of optical chips. These will usually show sparsely placed trenches and a rather small
pattern density of below 5 % [59]. Adjusting the pattern density may be a viable route to reduce
imprint times and residual layer thickness imhomogeneities.
A specific problem of step-and-repeat patterning is the presence of a confined imprint area.
Inherent to this is a pressure drop at the chip edge. This will lead to a resist flow from the
residual layer into the unrestricted outer region. Hence, the RLT will be non-uniform in the
chips outer area with a reduced resist thickness at the edges. Note that the pressure difference in
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this case correlates with the applied imprint pressure instead of the mold/substrate deformation
mentioned before.
RLT optimization during imprint is only possible if the RLT can be measured. Numerous
methods have been proposed to asses the RLT of a patterned surface. An easy way is to cleave
the sample and observe the cross-section. However, this includes sample destruction and does
not allow in-line quality control. Further it requires a rather high preparation effort, as the
observation of dimensions < 100 nm requires a SEM. Stylus profilometry can be used but also
includes pattern demolition. Alternatively, optical methods are capable to monitor small film
thicknesses. In-situ and real-time measurements are possible if a suitable setup is present.
Possible methods range from white light reflectometry over scatterometry to x-ray diffraction
[116]. Most of the methods aim to measure the RLT in an area with patterns in or close to
the sub-wavelength region. For the structures considered here, a white light reflectometer, as
conventionally used to determine slab thicknesses in semiconductor manufacturing, is sufficient.
Imprint Polymers
Most of the resins used for UV-NIL are radically curing. Molecular oxygen is well known
to inhibit the polymerization or cross-linking especially of acrylate-based mono- or oligomers
[123]. Depending on the conditions, present oxygen will partly or fully scavenge the generated
radicals. Thereby a resist film will not or not completely be solidified. As the absence of oxygen
will eliminate the issue, either the operation of the imprint within vacuum, or the purge of an
active imprint site with inert gases might be used. For the latter carbon dioxide seems to be
most effective [124].
However, for step-and-repeat imprinting in spin-coated films, oxygen inhibition might be used
to avoid the undesired curing of adjacent imprint sites during exposure [58]. In any case, the
exposure of adjacent imprint sites has to be minimized. Special measures have to be taken to
account for this. As the illumination within most UV-imprint systems diverges, apertures as
close to the resist as possible have to be used.
Another common feature of radically curing resins is the inherent shrinkage. Many publica-
tions mention this to facilitate the demolding, as the patterns within the cavities do not show
direct contact with the mold after curing, e.g. similar to the results depicted in figure 4.2.
However, shrinkage will change the features’ dimensions (e.g. [59, 75]). This is especially
important for DP-NIL. A pre-compensation requires precise knowledge of the shrinkage and is
furthermore not possible for arbitrary pattern layouts.
2.4.2 Anti-Sticking Layers and Adhesion Promoters
NIL includes a mechanical contact of the mold and the resist. This is a critical issue if the resist
patterns should be detached from the mold. During the demolding of a pattern, forces will try
to keep it in its original position. In principle, two failure mechanisms can occur. Firstly, the
interface of the resist to the substrate can break, thus an adhesive break happens. Secondly, the
resist can break internally, leaving a residual resist layer or a part of the pattern on the substrate.
The resolution of adhesion and cohesion issues is one of the main challenges of NIL, which is a
major topic in many publications and is still under discussion. Generally, one has to distinguish
between defects caused by microscopic interactions of substrate, resist and mold pattern, or the
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defects originating from the rather macroscopic demolding strategy. The latter can e.g. induce
additional shear forces deteriorating the imprint results. Often they can be avoided by a dedi-
cated demolding process, which may include additional tooling.
If the focus is on the microscopic interactions, there are different ways to tackle defects, de-
pending on their nature. If a cohesion break occurs, it is possible to either change the resist, or
to reduce the interaction forces at the mold-resist interface. The latter applies if resist-substrate
adhesion fails. The use of Ormocore as resin is indisputable. Fortunately, the adhesion of this
resist to a silica surface seemed to be sufficient in all previous works at IHM. Moreover, addi-
tional adhesion promoters are commercially available.
On the contrary, the interaction between the resist and the mold should be as small as possible.
A broad variety of effects may be responsible for forces that hinder a pattern from mold release.
They range from a purely mechanical nature, e.g. interlocking or friction, physisorption, rep-
resented by interphase diffusion and adhesion, to chemisorption, thus a covalent bond between
resist and mold [9]. Determination of the individual effects is a difficult task. A common mea-
sure to assess the surface properties of a material is its surface free energy (SFE).
Different measures have been proposed to reduce the SFE. Most prominent are functional
silanes. These are able to covalently bond to a hydroxyl group on the surface. As a self-limiting
process, it is able to form conformal monolayers [125]. Functional groups can be connected to
the silanes to modify surface properties. Perfluorated silanes like 1H,1H,2H,2H-perfluorodecyl-
trichlorosilane (F13-TCS) have proven to be best suited due to their low resulting SFE.
Most of the forces acting on a pattern during demolding will scale with the surface area. Hence,
as the mechanical strength depends on the lateral cross-section, the stability is connected with
the patterns’ aspect ratio (AR). Generally, patterns with higher AR will be more prone to de-
molding defects.
2.4.3 Polymer Molds
The use of polymer molds, cast from a master, offers some advantages compared to the use of
fused silica molds conventionally used in UV-NIL. As already mentioned, polymer molds can
be cast from many different master materials. UV-NIL requires either the substrate or the mold
to be UV-transparent. As the transparency of the substrate is mostly driven by the application,
UV-transparent molds are preferable. If UV-transparent molds are used, the master material
does no longer have to be fused silica, but can, amongst others, be silicon. This enables eas-
ier processing, higher lateral resolution and larger aspect ratios. Additionally, a polymer mold
cast involves lower pressures than the ones needed to perform an imprint, because the RLT can
be large compared to the protrusion height. Therewith, the possibility to damage a valuable
master pattern is reduced. In addition, polymers usually show a lower Young’s modulus than
fused silica and are flexible to some degree. Therewith, e.g., printing over particles [126] and
the replication of features with undercuts [127] become possible. Furthermore, some polymer
mold materials show an intrinsically low SFE. The application of an additional ASL might not
be necessary. This simplifies the process flow and may also avoid ASL degradation during im-
print, as the low SFE is an intrinsic material property.
The usage of polymer molds also degrades some imprint parameters and causes additional prob-
lems. The comparably low Young’s modulus of a polymer mold yields unwanted feature defor-
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mation. This may influence the patterns and the RLT during imprint as well as mold cleaning.
Especially high aspect ratio mold patterns are prone to feature collapse. Moreover, mold poly-
mers chemically differ from fused silica, which may induce additional effects.
The following will summarize potential problems induced by polymer molds during an imprint
as well as a cleaning process.
2.4.3.1 Imprint
To push liquid resist through a cavity, a pressure difference has to be present (cf. eq. (2.27)).
The pressure difference within a mold is generated by a mechanical deformation of the mold
itself. If a bulk polymer mold mounted on a rigid support is considered, the deformation is
limited to the polymer. In any case, the pressure caused by a deformation will by related to the
Young’s modulus of the mold material. As consequence, a higher Young’s modulus will help
to reduce the RLT inhomogeneity, which is highly desirable for most DP-NIL applications.
Unfortunately, polymer mold materials with arbitrary mechanical properties are not available.
In principle, the imprint mold, including its complete stack, should be as stiff as possible. This
includes mold polymers with high Young’s modulus.
Mechanical Deformations
Mechanical deformations are widely observed in contact printing [45, 128, 129]. Figure 2.32
depicts two extreme examples of sagging or roof collapse and buckling. The description of
p
(a)
p
(b)
Figure 2.32: Mold deformation caused by an external imprint pressure p: roof collapse or sag-
ging (a) as well as buckling (b)
feature collapse during NIL is more complicated, as the resist-mold interaction as well as the
resist flow and pressure distribution have to be taken into account. In general, the same defects
occur, but the specific conditions differ. Deliberate feature collapse can also be used to fabricate
complex structures like blazed gratings [130]. Even if the involved forces are not large enough
to cause defects like depicted in figure 2.32, a mechanical deformation in polymers is more
likely than in fused silica due to the lower Young’s modulus. High aspect ratio patterns within
the mold are more prone to a possible deformation. For the desired MRR structure this is of
crucial importance, as the gap region will show ARs of up to 10 as already mentioned. Figure
2.33a shows the gap of a MRR in a top-down view. A polymer mold with a Young’s modulus
of ≈ 120 MPa was used. Unfortunately, the applied pressure p used for imprinting, cannot
be reduced to allow for defect-free imprinting. Similar to the results which will be shown in
section 3.4.2, the resist can be pinned at any edge of a trench in the mold. To overcome this
pinning barrier, an external pressure needs to be applied. The necessary pressure depends on the
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Figure 2.33: Defects due to the mechanical deformation of a non-rigid mold material: gap de-
formation of a MRR (a) and the same in combination with incomplete structure
filling (b) (parameters: MD 700, Ormocore (a), MD 700, mr-UVcur06 (MRT) (b))
trench geometry and dimensions as well as the contact angle of the resist to the mold material
[131]. Figure 2.33b shows the deformation of a MRR gap in conjunction with a filled ring and
an unfilled waveguide. For the unfilled waveguide, the resist shows resist pinning at the pattern
entry edges.
Anti-Sticking Layers
One major topic considered within this thesis is the transition from fused silica to polymer
molds. Previous works used F13-TCS ASLs on top of silicon or silica molds. The forces origi-
nating from the resist and polymer mold interface have to be determined. If the SFE of the used
mold material is too large, it may be reduced by the application of additional coatings. Silane-
based ASLs will be applicable if hydroxyl groups are present on the polymer mold surface.
This is possible for some commercially available materials [132]. Special attention has to be
given to the hydroxylation of a mold surface. For silicon or silica stamps, this can be performed
using sulfuric acid. This is not possible with polymers, as they will be partly or completely
degraded. Alternatively, hydroxylation using an oxygen plasma treatment can be performed.
The O2-plasma may also attack the polymer mold, hence change the pattern shapes or at least
increase the roughness [9].
An elegant way to avoid any kind of ASL are mold materials which show intrinsically low SFE
values. As mentioned above, the SFE is not able to account for the complete resist mold interac-
tion, e.g. the formation of covalent bonds. Additionally, the diffusion of solvents into polymers
and their swelling is a well-known problem with mold polymers like PDMS. Nevertheless, re-
sist components may also be able to access the mold’s polymer network. Forming this kind of
interphase instead on an interface probably also accounts for a mold degradation [9, 133].
Shrinkage
The polymers used as molds show shrinkage similar to the one observed within thermoset-
ting resists. It is difficult to determine the shrinkage of a specific polymer. Different methods
are proposed in literature, mostly to give a lateral shrinkage value under different constraints
57
which are specific for the used process. Commercially available mold polymers can show a
bulk volume shrinkage of 3 to 10 % [134].The shrinkage observed in a bulk polymer does not
necessarily have to be the same as in patterns. Commonly, the largest amount of shrinkage is
assumed to occur in the out-of-plane direction [75]. However, lateral shrinkage is not negligi-
ble. When a soft mold is used for imprinting, the out-of-plane shrinkage values of both, mold
polymer and resist, do accumulate. If a precise structure height has to be achieved, as required
for the grating couplers (cf. eq. (2.20)), the master pattern must be pre-corrected depending
on the shrinkage. Lateral shrinkage occurring during mold cast will compensate the one of the
resist to some extent. Nonetheless, two issues remain: first, due to the restricted movement,
the lateral size change at the bottom and the top of a pattern differ [59]. This leads to tapered
sidewalls even if the ones of the master are perfectly vertical. Compensation for this during
master fabrication would involve a precise sidewall angle tuning also in the range larger than
90◦. Moreover, the absolute lateral shrinkage not only depends on the relative one, but also
on the lateral pattern dimensions. It is impossible to fully pre-compensate for this in arbitrary
layouts, as for example in the MRRs’ gap regions.
Gas and Material Diffusion
In contrast to silicon or silica, polymers show an increased permeability for gases and solvents.
This property can have numerous different implications. One is the already mentioned diffusion
of resist materials or their components into the mold. When molds are stored and processed un-
der ambient air conditions, i.e. oxygen is able to diffuse into the mold. If an imprint is conducted
with such a mold, the oxygen can again diffuse out of the mold into the resist. If a radically
curing resist is used, oxygen scavenging may be observed. Depending on the sensitivity of the
resist and the oxygen molecules’ mobility, completely or partly uncured resist patterns are the
consequence. An example of such an effect is depicted in figure 2.34. To overcome this issue,
resist and mold may be adjusted or, alternatively, the entire imprint setup is operated under the
absence of oxygen, hence, under vacuum or inert gas purge.
On the other hand, an enhanced gas diffusion into the mold is highly appreciated during the
(a) (b)
Figure 2.34: Uncured resist residues originating from oxygen inhibition caused by oxygen dif-
fusion from a polymer mold (a) and the same structures replicated from the mold
after it was purged with nitrogen for 10 min (b); note the sharp edges in (b) in
contrast to (a) (MD 700 mold, MINS 311 RM resist) (b)
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imprint process. It helps to avoid filling defects, as the gas remaining within cavities can diffuse
into the surrounding mold. If silicon or silica is used as a mold material, special measures like a
helium purge [58], which is able to also diffuse into the fused silica, or gases condensing during
imprint [135] may be necessary.
2.4.3.2 Cleaning
Mechanical defects on polymer molds do not exclusively occur during imprint as discussed
above. In some cases, the replication of master patterns into a mold and the subsequent sec-
ond replication into a resist are possible without defects, but after mold or resist cleaning, the
patterns are collapsed as sketched in figure 2.35a. Here, conditions comparable with the ones
leading to pattern collapse during resist development [136, 137] can evoke persistent feature
deformation. Unless this effect is used for the generation of special patterns [138], it has to be
avoided. The following considerations are also part of a master’s thesis [139] and are further
published as a paper [140].
A cleaning step is used to remove particles or uncured resist residues from the mold or the re-
sist patterns. Uncured resist is a common problem in UV-NIL due to oxygen scavenging and in
particular during step-and-repeat imprint in spin-coated films, as not the entire resist is exposed.
Mold cleaning is also required if polymers molds are used. Mold casting is an elaborate and
costly process. Usually special templates and processes are required for polymeric molds to be
competitive with rigid stamps in terms of resolution, flatness, residual layer thickness, etc. (cf.
section 3.3). Simple replication of master structures in a polymer is not sufficient to gain high-
quality imprints. Therefore, the lifetime of a mold should be as long as possible. Cleaning is
an easy way to remove uncured resist residuals or particles which may damage the mold during
imprint.
A stability prediction of mold or resist patterns is highly desirable and will be presented in
the following. The modeling of the structures has been done using two different approaches.
Energy-based calculations are performed on pillar structures. Furthermore, deformation analy-
sis using the forces generated by the meniscus between structures at a liquid-air interface and
the restoring force given by the deformation of elastic gratings were performed.
In general, two different failure mechanisms can occur. If the spacing between structures is
larger than their height, they can stick to the ground after cleaning. This is called ground col-
lapse [141]. If the features are dense enough, i.e. the spacing between the features is smaller
than twice their height, a lateral collapse [142] may occur. Thereby, the structures stick to each
other rather than to the ground. Cylindrical patterns as depicted in figure 2.35b, showing a
spacing between the pillars that is larger than twice their height, are considered. Therefore,
only a ground collapse can occur. The critical aspect ratio of the pillars, given by the ratio of
the structure height h to the lateral dimension d, can be expressed by [141]:
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where E is the Young’s modulus, ν the Poisson’s ratio and γs the SFE of the mold material.
A similar analysis can be performed to describe the lateral collapse due to adhesion of dense
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Figure 2.35: Cleaning of a polymeric mold containing particles and uncured resist residues us-
ing a cleaning agent and a potential feature collapse (a) as well as a sketch of the
considered structures: sparse and dense pillars as well as dense gratings with their
respective dimensions used for simulation (b)
pillars to each other. This leads to a critical aspect ratio of [142]:
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where Λ denotes the pitch of the structures as depicted in figure 2.35b.
For the forecast of the stability of grating-like patterns, a simulation of the capillary force and
the resulting deformation of the structures can be performed. After mold cleaning, the cleaning
agent has to be removed from the mold surface. If no additional effort, e.g., supercritical drying
[143] is taken, the liquid will evaporate. During evaporation, at some point, the close liquid film
disrupts atop the features and only the cavities stay filled. If the liquid evaporates further, it is
possible that one cavity is still wet while the adjacent cavities are empty. In this case, strong
Laplace pressure forces would cause a pattern collapse. In contrast, also weak capillary menis-
cus forces of adjacent filled grating cavities evoke pattern collapse [142, 144]. Meniscus forces
arise in the cavities where capillary bridges are formed. The meniscus curvature is specific for
the combination of liquid and cavity material. The pressure difference ∆p acting on a structure
is given by [145]
∆p = 2γl cos θ
(
1
gs
− 1
gl
)
, (2.30)
where gs denotes the lateral dimension of a small cavity surrounded by two larger cavities of
the width gl as depicted in figure 2.35b. θ is the contact angle between the cleaning agent and
the mold material and γl represents the surface tension of the rinse liquid. If all structures in
a grating and the formed capillary menisci and hence gs and gl are equal, the pressure differ-
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ence vanishes and the grating is in an equilibrium state. The differences in capillary bridges of
adjacent cavities in a grating, caused by fabrication or handling differences, lead to an initial de-
flection and, therefore, to a pressure difference ∆p acting on the structures. An equilibrium has
to be found between these and the restoring forces generated by the deformed feature. Previous
works mainly focused on the description of resist features on a substrate [136, 142, 145, 146].
Usually, the used resist materials exhibit Young’s moduli that are by orders of magnitude smaller
than the ones of substrates like silicon (≈ 150 GPa) or fused silica (≈ 70 GPa). In this case,
the deformation of the substrate can be neglected and only the deformation of the patterned
resist structures will contribute to a displacement. For polymer molds, the substrate as well as
the structures are made of the same material. During deflection of a structure due to meniscus
forces, the pattern itself as well as the substrate is deformed. Finite element method simula-
tions using the ANSYS Workbench were utilized to determine the deflection of an all-polymer
structure with respect to a meniscus pressure difference (cf. eq. (2.30)) applied on its surface.
The restoring forces of a given geometry have to form an equilibrium with those originating
from the different menisci of adjacent trenches (cf eq. 2.30) as described in [136]. In this case,
the structures reach a stable position before collapse. If the restoring forces are too weak, the
structures will approach until they touch each other, i.e., collapse.
The application and verification of the aforementioned equations is specific to the mold poly-
mers used. As this involves a non-negligible amount of experimental data, all results are shown
in conjunction in section 3.3.
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2.4.4 Desired Process Flow
Figure 2.36 shows the general process flow as desired for imprinting. 2.36 Here, the silicon
II. Mold SeparationI. Mold Casting
III. Resist Application IV. Imprint V. Demolding
Silicon Master
Polymer Mold
Imprint Resist
Substrate
Figure 2.36: Process flow for the replication of a silicon master structure in a polymer mold and
the subsequent imprint into a polymer
master which was fabricated using the process scheme as explained in section 2.3.4, is cast
into a working mold. Depending on the considerations explained above, the polymer’s Young’s
modulus should be as high as possible. Moreover, it has to be compatible with the used resist,
namely Ormocore. This includes the resistance of possible ASLs as well as UV transparency.
Subsequently, the polymer mold can be used to perform an imprint in a spin-coated resist layer.
The mold fabrication process may also allow to include additional apertures as close to the
mold surface as possible. Thereby, pre-exposure effects of adjacent imprint sites induced by
stray light can be effectively reduced [58]. After UV-curing the resist, demolding is performed
with a vertical force between substrate and mold to avoid defects. In a result, a resist layer
patterned within two height levels can be obtained which shows grating couplers and MRRs
with the desired layout.
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3 Experimental Results
The aim of the present work was not only the generation of design data for grating couplers.
Moreover, the generated design should be turned into reality, hence a demonstrator should be
produced and, of course, characterized. The following chapter will show the transition from
design data to a real pattern. The considerations and process steps as depicted in sections 2.3
and 2.4 are the basis. The straight order shown in the following sections suggests a sequential
processing of the individual tasks. This was not the case in reality. The presented results are
the outcome of multiple optimization processes. The chosen presentation is thought to allow a
comprehensive understanding of the process.
The master fabrication starts with a layout representation. Its generation will be shown in
section 3.1. This layout has to be transferred into a physical master structure which was cho-
sen to be silicon. Lithography, planarization and etch are the three major steps which were
used. The desired patterns are rather complex and can become cost-intensive. Most of the ex-
perimental part was conducted with the equipment available at IHM and IPMS. Lithography
was the only exception, as none of the partners has operational machines and processes able to
resolve the required dimensions. The lithography part splits up into optical projection lithogra-
phy and EBL. Stepper exposures in collaboration with SAW components GmbH were already
performed in previous projects of IHM and showed promising results. However, gratings with
pitch of 600 nm and, more importantly, isolated trenches with a size of 200 nm are close to the
resolution limit of the used i-line stepper and the available resist processes. Therefore, EBL was
used in parallel.
After successful master fabrication, as described in section 3.2, a polymer mold has to be cast.
Section 3.3 gives an overview of the possible mold materials and template architectures that
can be used. The fabrication processes are explained in detail and the obtained results are dis-
cussed.
After all these steps, the core part of NIL, the imprint itself, can be performed. Section 3.4
describes the used imprint setups, which were partly utilized for mold production already. Dif-
ferent schemes are discussed regarding their ability to reproduce the optical components within
the given specifications. RLT optimization is one main issue discussed.
Finally, the fabricated patterns were also characterized optically, which is described in section
3.5. Therefore, the already existing measurement setup had to be extended to address the special
needs of vertical coupling with gratings. The fabricated waveguides are briefly discussed before
grating couplers are characterized regarding their positioning tolerance, transmission spectrum
and, of course, efficiency. An analysis of critical points is performed and can be exploited
regarding possible improvements of the design, layout and process later on.
Some processes were used throughout many parts of the experimental work and can therefore
not be attributed to a specific section. Most of them have neither been investigated nor optimized
regarding their use, but have been established previously. Nonetheless, it is worth giving details
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for the sake of completeness.
A scanning electron microscope S4700 (Hitachi) was used to take micrographs. It is difficult
to observe polymer patterns using a SEM. The polymers that were used are electrically non-
conductive. Hence, electrons impinging on the surface are not distributed along the sample and
subsequently guided to the chuck. Instead, they accumulate and disturb the incident electron
beam. To avoid charging, less than 5 nm of gold was applied on almost every sample shown in
the following with a S150B sputter coater (Edwards). If the observed patterns were used later
on, 1 g Gold Stripper 645 (Degussa) dissolved in 40 mL deionized water was used to remove
the gold. During this process, no measurable change in dimensions could be observed for
Ormocore. A dedicated SEM may be able to observe the polymer patterns without additional
conductive layers.
Size data obtained from SEM images has to be dealt with care. The magnification error of
the SEM strongly depends on the used working conditions (magnification, working distance,
grid orientation, ...) and can end up to variations of 5 %. This is crucial if small changes in the
dimensions, e.g. during shrinkage, are to be determined. A calibration for the specific operation
conditions used for the measurements is inevitable if one is interested in exact values.
The importance of a precise control of the RLT was already outlined in sections 2.1 and
2.2. RLT measurements were performed using a customized spectral reflectometer at IHM.
This is able to carry out automated measurements on samples and wafers of up to 200 mm.
In addition, a NanoSpec 8000 (NanoMetrics) was used at IPMS. Necessary data to build a
resist material model was acquired with ellipsometry using a Rotating Analyzer VASE (J. A.
Woollam Co. Inc.). A Cauchy fit was used for dispersion approximation. The reflectometer
allows measurements with a spot-size smaller than 5 µm depending on the used objective. Data
acquisition within the patterned area is possible for the layout which will be shown in figure
3.2. Unfortunately, the stage has a very limited positioning accuracy of more than 20 µm. If
the measurement spot fully or partly intersects with a pattern, the spectral response and thus the
calculated thickness is distorted. Post-measurement data filtering was applied to delete these
data points. The reflectometer can further be utilized to measure the silicon dioxide thickness
after PECVD and CMP (cf. section 3.2.3). Furthermore, it allows to approximate the optical
path within the bottom reflector of the final chip (cf. section 3.5.3.2).
Section 2.4.2 has already outlined the importance of surface modifications to NIL, either
to enhance or reduce the surface interactions. The processes used here are based on elabo-
rate work on the evaluation and qualification of different anti-adhesion measures and adhe-
sion promoters [147, 148]. As a result, silane-based surface modifications were performed.
1H,1H,2H,2H-perfluorodecyltrichlorosilane (F13-TCS) was used to reduce the SFE of a sur-
face, hence, to form an ASL on the surface. Before F13-TCS can be applied to the surface,
hydroxyl groups have to be generated. This surface hydroxylation was performed either by
oxygen plasma treatment within a Plasmalab 80 PLUS (Oxford) or a C012 (Surface Technol-
ogy Systems). Alternatively, in case of inorganic substrates, H2SO4/H2O2 cleaning was used.
Afterwards, F13-TCS was applied in a customized molecular vapor deposition (MVD) chamber
under vacuum (≈ 10 mbar) and elevated temperature (≈ 90 ◦C). The full process details are
described in [9]. The samples could be used without any further cleaning steps after deposition.
Throughout the entire work, cleaning processes had to be performed many times. Various
wet cleaning methods like a simple solvent flush, the removal of organic contaminations using
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H2SO4/H2O2, automated cleaning using several spin-rinse-dryers (depending on the wafer size)
and mechanical cleaning using a Cleaner 812 brush-cleaning station (G&P Technology) were
performed. Throughout all these processes, the use of ultra- or megasonic cleaning was avoided
to suppress pattern deterioration like depicted in figure 3.1. Alternatively, the aforementioned
Figure 3.1: Bare silicon master showing a waveguide reflector (pitch 600 nm, height≈ 2.8 µm)
which was damaged due to ultrasonic cleaning
Plasmalab 80 PLUS or a C012 could also be utilized to strip polymer residues using an oxygen
plasma. This was particularly useful to remove residues of fluorinated polymers.
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3.1 Layout Generation
In order to be able fabricate a structure by the already presented lithography techniques in
section 2.3.1, the patterns must be available in a layout representation. This is mostly a vector-
based file format (gds, cif, ...). For the generation of the layout a free software tool named
Klayout was used [149]. The chip size was set to 10× 10 mm2 given by the supported stamp
size and the production effort. 16 sub-chips with a size of 2.5× 2.5 mm2 were defined. Each
chip shows individual transmission lines either with simple waveguides or MRRs in an add-drop
configuration as well as grating couplers. Parameters of the gratings were varied according
to the 3 dB values given in table 2.3. Moreover, the lateral dimension of the ring gap, the
waveguide width as well as the taper geometry were subjected to a parameter sweep to be able
to extract as much data as possible by the fabrication of only one valuable master. The principle
layout is shown in figure 3.2a. Note that there are two general types of sub-chips: the first three
5mm
(a)
100 µm
Reflector Coupler Taper
(b)
Figure 3.2: Layout representation of the silicon master with 4× 4 sub-chips, where the right
column shows MRRs, (a) and a close-up of a representative coupling section with a
waveguide, taper and caption (red), the grating coupler and reflector (magenta) and
dummy patterns (blue) (b)
columns from the left contain straight waveguides with grating couplers only, whereas the right
column also contains ring resonators.
Dummy patterns, as depicted in blue in figure 3.2b, were added to the layout to account for two
major problems. Firstly, the pattern density was increased to prevent dishing of isolated lines
during the CMP process. Secondly, the dummy patterns were inserted to fill sparse parts of the
layout. This was intended to reduce the distances along which material has to be transported
during imprint. Minimum distances between a waveguide and any kind of adjacent patterns are
limited by evanescent field coupling losses. These are comparable to substrate losses as given
in figure 2.20. A minimum unpatterned safety margin of 10 µm was present around any optical
element.
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3.2 Silicon Master Fabrication
For the silicon master fabrication process as proposed in figure 2.31, most parameters influence
the overall result and even the subsequent steps interdependently. Sometimes several processes
influence one parameter of the silicon master. E.g., the resist sidewall angle obtained from
lithography influences the sidewall angle within the master in conjunction with the selectivity
and the sidewall inclination resulting from the etch process. In some cases, effects originating
from one process step can be pre-compensated within a previous one. For the mentioned exam-
ple, the layout patterns can be adjusted to yield patterns which are on their target value.
Throughout silicon master fabrication, some pre-compensations were made and are mentioned
in the text. The necessary data for the applied corrections was mostly acquired through test
runs with a similar setup as targeted. Most of the results are not given here in detail. Some
of the results shown in the following are partly published within a paper [150]. Moreover, the
considered processes were also used to fabricate master patterns used elsewhere [151, 152].
3.2.1 Electron Beam Lithography
The electron beam exposures described in the following were performed in collaboration with
the CNT. A SB3050DW (Vistec) variable shaped beam writer was utilized. The ability of the
writer to handle wafers of different sizes is limited. 300 mm wafers are the standard substrate
size, but 200 mm wafers can also be handled, which was done to ensure a certain compatibility
with the equipment at IHM.
The selectivity of the previously used RIE process (cf. section 3.2.4) to known resist materials
is comparably low (< 5 ). This made the use of thick resist layers necessary. Due to the pattern
density on the master, a chemically amplified negative tone resist with a thickness of > 850 nm
was used in the first patterning step, i.e. to build the waveguides. For the grating couplers
patterned in the second step, a positive tone chemically amplified resist with a thickness of
450 nm was used. A primer layer underneath the positive tone resist ensured good substrate
adhesion.
Resist Sidewalls
The resist used for the first exposure showed significantly tapered sidewalls like depicted in
figure 3.3a. For the relevant values of the most critical point in the first layer, the MRR gap, this
taper is nearly independent of pattern size, as can be obtained from figure 3.3b. For trenches
larger than 200 nm the sidewall angle is approx. 80◦. The etch process only shows a finite
selectivity between resist and silicon removal, which was in this case approx. 5.2 for an etch
process similar to the one shown in [72]. So additionally to the taper, which is generated by the
etch process itself, the resist mask degradation leads to a further sidewall inclination. However,
the taper resulting from the available etch process was already around 85◦. Based on the influ-
ence of a tapered sidewall on the waveguide operation (cf. figure 2.5b) and on the gap of the
MRR, it was decided to set the target waveguide width wwg at the half of the waveguide depth
hwg. This led to an etch bias of −69 nm per edge, i.e. smaller resist lines. In addition, the dose
was adjusted to yield the dimensions given in the layout.
A similar analysis, including resist characterization, was performed for the second resist layer,
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Figure 3.3: Dense features in an 850 nm thick negative tone chemically amplified electron beam
resist showing tapered sidewalls (a) and a dependence of the top and bottom widths
of trenches using this resist (b)
which is used to pattern the grating couplers. It is a positive tone resist and hence, the ex-
posed features will translate into trenches, rather than protrusions as for the first step. A bias
of 18 nm was added resulting in wider resist openings. Again, the dose was adjusted to yield
target matching with the layout. The measurements were performed using a Verity 4i CD-SEM
(Applied Materials) for resist top-down imaging and an S4700 (Hitachi) for cross-sections.
In addition, the exposure strategy had to be optimized. First results showed significant shot
boundaries. These occur when a layout pattern is stitched together from two or more projection
primitives. Examples are barely visible as disturbances occurring at two horizontal lines in fig-
ure 3.3a and can be observed more clearly at the cured lines depicted in figure 2.27. Therefore,
the fracturing algorithm which defines the single electron shots had to be adapted to the layout.
In total 10 chips were exposed, each with an area of 10× 10 mm2 as depicted in figure 3.2a.
The chips were arranged in a 15× 18 mm2 grid. First of all, this should allow for individual
casting of daughter molds from each chip and the possibility to cleave the master before etch-
ing the grating couplers, hence, allowing at least the optimization of the second etch step with
multiple samples. The space in between the individual chips was filled with dummy patterns
similar to the ones already mentioned in 3.1 to adjust the pattern density for NIL and CMP.
Overlay
As the desired process flow involves two subsequent patterning steps, both have to be aligned
with each other. Conventionally, alignment marks are used to ensure a proper overlay of two
subsequently patterned layers. Here, first a wafer edge detection was performed, subsequently
6 marks were used for a rough global alignment, and 4 fine alignment marks within each chip
should ensure an overlay accuracy of < 50 nm. The alignment marks were patterned within
the first lithography step and consequently etched into silicon. Figure 3.4a shows the pattern
misplacement between the first and the second level measured within one chip. The data was
obtained from additional nested marks within the chip, which were not used for alignment. A
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Figure 3.4: In-plane pattern displacement of two height levels patterned with electron beam
lithography (EBL): the overall displacement (a), the remaining displacement after
subtraction of the mean translation (b) and the patterned resist layer atop the sub-
strate consisting of silicon and silicon dioxide (lighter parts at the bottom of the
lines) (c)
systematic error in the order of ≈ 270 nm could be observed. The reason for this rather large
value is the fact that the marks for in-die compensation could not be used. The smallest pattern
dimension within the mark were 200 nm. Before the second lithography step, the marks were
deteriorated to such a large extent that they could not be used further on. The root cause is most
likely a RIE defect similar to the one depicted in figure 3.12. Also a combination of PECVD
and CMP could have been responsible, which is difficult to determine as the marks were not
monitored throughout the entire process.
Figure 3.4b shows the overlay after removing the constant translation in both directions. The
remaining error is below the specification of 50 nm. In principle, this overlay error does not
have an influence on the performance of the grating coupler if no waveguide reflector is used, or
if the reflector is etched together with the grating itself. Unfortunately, the efficiency enhance-
ment using the latter will be marginal (cf. figure 2.17b). If a high efficiency of the reflector
is required, it must have the full waveguide depth and thus be patterned separately from the
coupler. In this case, a misalignment of 270 nm will reduce the coupling efficiency instead of
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enhancing it, as visible from figure 2.17a.
Apart from the coupler configuration where grating and reflector are patterned in different
lithography steps, a certain overlay error has no crucial importance during fabrication. As
visible in figure 3.4c, patterns in the second lithography step possibly overlap the part which
will represent the waveguide later on. The outside areas are covered with silicon dioxide and
will not be significantly etched during subsequent RIE. For the shown pattern, the misalignment
could be up to 2 µm in the direction of the grating lines without affecting the patterning results.
3.2.2 Wafer Stepper Exposure
All wafer stepper exposures shown in the following have been done in collaboration with SAW
components GmbH and were performed on a PAS 5500-250 C (ASML). As already described in
section 2.3.1.1, a wafer stepper projects an image from a mask onto a wafer. In semiconductor
manufacturing, usually one mask contains one layer within a layout of a certain chip and several
masks are necessary to fabricate all lithographical layers required. In contrast, one can also
place different layers of a certain chip onto the same mask, if sufficient space is available.
Within the stepper, a variable aperture is then used to expose a desired mask area. If primitives
are defined within the mask, it is also possible to utilize the wafer stepper as pattern generator.
Here, an entire layout is composed of the projection of the same or different primitives at various
positions. This kind of exposure strategy has been improved and widely used throughout this
work but was also applied for the generation of several master structures for other projects
[151, 152]. A layout similar to the one depicted in figure 3.2 was used. Herein, the first and
the second layers of the layout were decoupled and placed at different positions on the mask.
Furthermore, the sub-chips were defined as individual primitives. As a positive tone resist had
been targeted, the tone value of the patterns in the first layer had to be inverted, hence drawn
polygons will result in non-transparent areas on the mask.
The PAS 5500-250 C uses a 5x reduction optics and allows an entire chip size on wafer level
of roughly 22× 22 mm2. The primitives as described before only filled an area of approx.
9× 9 mm2 on the mask. Thus, primitives for five other projects and some general patterns were
included which ended up in a total of 490 individual primitives. The amount was somewhat
limited due to the minimal aperture size supported by the stepper and the potential overlap of
primitives.
In order to compose a full wafer layout which can contain up to 10, 000 individual primitive
exposures, software macros were developed. These allow to convert the layout representation
generated using the editor KLayout [149] into a stepper program.
Similarly to EBL, a relatively thick resist layer had to be used due to the low etch selectivity.
The resist AZ 701 MiR (AZ Electronic Materials) with a thickness of 888 nm was used for both
lithography steps. An exact thickness is essential to allow for a reliable dose to pattern size
control, as explained in detail in section 2.3.1.1.
Exposure Dose
As the pattern size has a significant influence on device performance, deviations in the dimen-
sions should be avoided. The resist pattern size can be influenced by adjusting the exposure
dose as already mentioned. For most patterns with a pitch larger than 2 µm, a standard dose
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of 200 mJ/cm2 was utilized. Figure 3.5a shows the size dependence of dense trenches with a
pitch of 1000 nm as required for a coupling grating. Due to the lack of a dedicated metrology
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Figure 3.5: Trench size of dense resist patterns with 1000 nm (a) and 600 nm pitch (b)
SEM, measurements were carried out using an S4700 (Hitachi) at IHM. The patterns showed
steep sidewalls which indicates that no systematic defocus error was present [99]. To match
the duty cycle to a value of 0.5, generating trenches with a size of 500 nm, a dose of approx.
185 mJ/cm2 needs to be used. The standard dose of 200 mJ/cm2 would lead to a trench broad-
ening of 25 nm. A more evident issue arises if a first order reflector has to be patterned together
with the grating. Figure 3.5b exhibits the dose to size data for a grating with a pitch of 600 nm
as required for the reflector. The structures show a significant sidewall inclination which de-
pends on the dose. Two main problems can be observed: first, to achieve half-pitch patterns at
the pattern bottom, a dose of 225 mJ/cm2 has to be used, which significantly differs from that
of the grating. Moreover, a smaller dose will not lead to a fully developed pattern at all. As a
result, a process window for variations of focus and dose as well as resist thickness does not ex-
ist. To account for this problem, a pre-correction of the mask patterns is needed. Unfortunately,
this would require a new mask. A proof of principle demonstration of the grating coupler is
also possible without any reflector. Therefore the dose of the second lithography step was set to
185 mJ/cm2 accepting that the reflector patterns might not be resolved.
Overlay Error
In analogy to EBL, the alignment of subsequent exposures of different resist layers is performed
using alignment marks. In contrast to the used EBL marks, the smallest involved pattern dimen-
sion is 1 µm, which makes them more robust against deteriorations. Conventionally, aluminum
marks are used, as they can be identified with good contrast even if they are embedded under
a resist layer. They are applied by means of a lift-off step before the actual resist layer is pat-
terned. In contrast to EBL they are inspected without exposing the resist, hence one set of marks
can in principle be used for several patterning steps. Unfortunately, aluminum marks cannot be
used within the desired process. The abrasion during the CMP step (cf. section 2.3.2) can dete-
riorate or even remove the marks completely. Moreover, they can also be damaged during the
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used cleaning processes, especially by using a H2SO4/H2O2 wet cleaning. To account for this
issue, the alignment marks were transfered into silicon during the first RIE step. The alignment
was generally performed using four marks positioned at the wafer edge. As the standard marks
used for alignment are rather large (≈ 430× 430 µm2), an in-die compensation is not possible
for arbitrary layouts. For the considered layout, 32 additional alignment marks as well as over-
lay marks were positioned within the wafer. However, alignment was performed only with the
use of the aforementioned four alignment marks close to the wafer edge. The overlay marks
can be used to measure the misplacement and may also be reduced in size to allow for in-die
measurements. The resulting overlay data is shown in figure 3.6. Obviously, a rotation error
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Figure 3.6: In-plane pattern displacement of the two etch levels
was induced. In general, the use of embedded alignment marks was not very reliable. In total,
14 out of 36 alignment marks could not be identified correctly using the build in routines of
the stepper. Alignment marks for multilayer silicon patterning were also successfully used in
other publications [42]. Nevertheless, problems were observed when the layer stack above the
marks was altered. This may also be an issue for the alignment strategy here. The marks are
etched into silicon and filled with silicon dioxide before the second alignment. During optical
alignment, reflections from different interfaces may deteriorate the optical signal. In the course
of this, the varying trench depth due to the CMP may also have an influence. A detailed analysis
of the problem could not be performed due to a limited amount of experiments.
3.2.3 Planarization
Silicon Dioxide Deposition
Wafer planarization includes two main steps, the PECVD deposition of silicon dioxide and its
selective removal using CMP. PECVD was performed using a PlasmaLab 80 PLUS (Oxford).
The results in figure 3.7 show two pictures of general effects. They were obtained from pi-
lot tests using proximity patterning. Silicon dioxide deposited by PECVD shows a conformal
coverage of the predefined patterns as visible in figure 3.7a. To reduce the relative step height,
4 µm thick silicon dioxide films were deposited later on. However, the ability of PECVD to
cover trenches with a high AR is limited. Figure 3.7b shows a void formed during deposition.
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(a) (b)
Figure 3.7: Conformity of the deposited silicon dioxide layer on top of a pre-patterned silicon
wafer with isolated features (a) and the void formation for dense features (b)
Voids may be reduced by an increased DC bias voltage applied to attract more reactive parti-
cles to the trench bottom [105]. However, they may be completely avoided using pure thermal
chemical vapor deposition or a combination of deposition, back etch and another deposition
step [105].
Concerning the voids, two problems may be considered for further process steps. Firstly, the
protrusions will be attacked by the CMP process. This includes a mechanical contact and may
also induce shear forces which the patterns may not be able to withstand if they are not fully
embedded, i.e. voids are present. Gratings like the one in a first order reflector are especially
prone to damage. In contrast, a MRR gap is less endangered, as it is supported by two wave-
guides that usually only show an AR of about one. Secondly, voids opened during the CMP
step again form an unevenness on the surface. As a result, the thickness of a resist layer applied
for a second lithography step is influenced. Depending on the void’s dimensions and the pro-
cess used, the obtainable patterning results may be deteriorated. Again, a first order reflector
showing the full waveguide depth is the most critical structure.
Silicon Dioxide Removal using Chemical Mechanical Polishing
For CMP a Mecapol E460 (Presi) polishing tool was used with a concentrically grooved pol-
ishing pad IC1000 (Rodel) and Klebosol (Dow Chemical) slurry for all results shown in the
following. Multiple carriers had to be used for different wafer sizes. As mentioned before, EBL
had to be performed on 200 mm wafers, whereas all other patterning was done on 100 mm sub-
strates. During CMP, the end point, at which no silicon dioxide is present on the protrusions,
has to be controlled precisely. Otherwise the protrusions height will be diminished. In-situ mea-
surements of the residual SiO2 thickness are not possible within the used equipment. Therefore,
polishing was done in multiple steps, while measuring the remaining SiO2 thickness in between
those steps with the customized spectral reflectometer at IHM. Further, the polishing pad was
conditioned after every polishing step to avoid a drift of the removal rate [104]. Before starting
with a patterned wafer, multiple flat wafers were processed to adjust the silicon dioxide removal
rate and homogeneity. Chuck force and back side pressure were adjusted manually according
to the pilot tests. The silicon dioxide removed on protruded structures during one single CMP
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step is shown in figure 3.8a. Due to the wafer carrier and the applied back side pressure, the
x−Position (µm)
y−
Po
sit
io
n 
(µm
)
Oxide Removal (nm)
 
 
2 4 6 8
x 104
1
2
3
4
5
6
7
8
9
x 104
500
550
600
650
(a)
x−Position (µm)
y−
Po
sit
io
n 
(µm
)
Structure Height (nm)
 
 
2 4 6 8
x 104
1
2
3
4
5
6
7
8
9
x 104
1350
1400
1450
1500
(b)
Figure 3.8: Silicon dioxide removal from protrusions during one CMP cycle (a) and the result-
ing total feature height of the structures after etching and subsequent CMP (b)
removal rate of the silicon dioxide is up to 50 % higher in the wafer center compared to the
edge. The process was optimized to give a uniform removal rate in a large area in the wafer
center. It is essential to remove any SiO2 from the protrusions. Otherwise, residues will serve
as hard mask during the subsequent RIE steps and hence prevent pattern transfer. After full
wafer processing including the final SiO2 step, the overall feature height of the higher patterns
was measured using a Dektak 8 (Veeco) surface profiler, the result is shown in figure 3.8b. The
overall depth variation includes etch rate variations as well as abrasion caused by CMP. The
measured deviation was below 150 nm, what was still about 10 % of the pattern height. Note
that the shown data originates from a pilot wafer which did not show the finally targeted depth
but a full pattern coverage.
For EBL in contrast, only ten chips surrounded by dummy patterns could be exposed due to the
limited write time. The patterned area therefore only covered a small part of the entire 200 mm
wafer (around 30× 90 mm2) placed slightly off-center. Figure 3.9a shows the silicon removal
from the protrusions within one polishing step for the area where the chips are located. Again,
the removal rate could not be adjusted to gain good homogeneity. Especially at the edges and
corners, the removal rate is increased significantly due to the transition from a patterned to an
unpatterned area. Removal rate variations will not directly translate to an etch depth variation
of the same amount. The CMP ensures a certain selectivity between silicon and silicon dioxide
abrasion. It is difficult to give a precise number for this, as it will not only depend on the pro-
cess, but also on the considered layout. The targeted pattern depth was pre-corrected to 2.8 µm
to account for silicon dioxide removal as well as shrinkage during mold cast and imprint. A
certain safety margin was added to minimize the possibility to yield waveguides below cut-off
(cf. e.g. figure 2.6). Figure 3.9b shows the achieved results measured using a stylus profiler
after full wafer processing. The remaining variations are in the range of 10 % and therefore far
beyond the targeted value. Regarding figure 2.3, the fabricated masters should allow the imprint
of single-mode waveguides.
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Figure 3.9: Silicon dioxide removal from elevated structures during one CMP cycle (a) and the
resulting total feature height of the patterns after etching and subsequent CMP (b)
3.2.4 Reactive Ion Etching
For all results shown within this work, a continuous silicon reactive ion etching (RIE) pro-
cess, similar to the one described previously [72], was performed. For all 100 mm wafers, an
Advanced Silicon Etch System (Surface Technology Systems) was used. Due to limited wafer
size, the process had to be transfered and optimized on a Pegasus (Surface Technology Systems)
etch system for 200 mm wafers. Both systems include a helium backside cooling to stabilize
the wafer temperature during etch and avoid the rapid degradation of the used resist masks. To
be able to run several etch tests with one resist exposure, pilot wafers were cleaved into sam-
ples and etched thereafter. To ensure an improved thermal contact to the substrate, heat transfer
paste was used to place the samples onto a dummy wafer.
Taper
Main foci of the optimization of the etch process were sufficient selectivity, a negligible un-
dercut and minimal roughness at the pattern sidewalls as well as at the trench bottom. Figure
3.10a shows the results obtained with the standard process using the Advanced Silicon Etch
(ASE) System. Herein, a resist taper as well as a sidewall inclination within the trench can
be observed. Figure 3.10b depicts the measured top and bottom width against their respective
target values for dense and isolated trenches. In the considered range of dimensions, a constant
offset of roughly 110 nm can be observed. For a homogeneous etch depth of 960 nm as present
in this etch test, this is equivalent to a constant sidewall angle of 86.0 to 86.5◦. Considering a
completely anisotropic etch process, a selectivity of 5 and a measured resist sidewall angle of
81◦, one would expect a taper of the silicon structures larger than 88◦. The difference between
this value and the measured 86◦ can be traced back to the anisotropy of the used RIE process.
During the process optimization on the 200 mm EBL wafers using the Pegasus etch system,
the selectivity of the etch process could be enhanced to 8. Moreover, it was easier to achieve
straight sidewalls instead of a certain inclination angle. Optimization would have required more
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Figure 3.10: Scanning electron micrograph showing a cross-section of an etched silicon struc-
ture exhibiting a tapered sidewall in the resist as well as in the final silicon structure
(a) and the measured trench widths at the top and the bottom of the silicon features
(b)
test-samples with the target layout. Unfortunately, these were not available. Both, high selectiv-
ity as well as high etch anisotropy are usually desirable. Unfortunately, the sidewall angle was
steeper than the one used for etch-bias calculation during process planning. Thus, the wave-
guides of the final mold showed smaller lateral dimensions and the MRR gaps were broadened
considerably.
Etch depth homogeneity
Pattern height variations are not only generated by CMP abrasion, but also caused by etch rate
variations during RIE. Etch depth variations may not only depend on the pattern dimensions (cf.
section 2.3.3), but can also occur on wafer scale. The etch process is influenced by all process
parameters like plasma power, gas flow, temperature as well as pressure. These will usually
vary over the wafer and are strongly effected by the design of the etch chamber [109].
Figure 3.11 shows the etch depth of the second patterning layer, i.e. the coupler grating. The
achieved etch depth was measured again using a stylus profiler on large test patterns. As the etch
rate also depends on the feature size, further deviations may be present at the coupler gratings.
Herein the homogeneity over the 100 mm wafer is below 35 nm, but slightly off the target value
of 407 nm. However, the coupler efficiency is much more effected by an etch depth which is too
large than one being too small. A reduced AR caused by the lower etch depth further reduces
the possibility of pattern damage during demolding. The deviations remain relatively low in the
wafer center and are pronounced at the edge. They may be caused by field inhomogeneities in
the etch chamber.
Etch defects
Despite of careful pilot tests and optimization, some problems occurred during the final silicon
RIE and CMP. Figure 3.12a displays a first order reflector within a waveguide. The micrograph
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Figure 3.11: Depth variations of the low etch depth (grating coupler) throughout a 100 mm
wafer patterned using a wafer stepper
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Figure 3.12: Two types of defects in the silicon master: caused by an undercut during etch
observed before resist removal (a) and due to resist collapse prior to etch observed
after full processing (b)
shows an etch-test at which the resist was still present. The final wafers patterned with EBL
most likely showed similar results but could not be observed using the SEM due to the wafer
size and the necessity to deposit a conductive film. Two factors are responsible for the obtained
results. The etch bias was set to 69 nm as mentioned above. The first order reflector was not
excluded from this correction and hence 165 nm resist lines had to be patterned. Furthermore,
the etch process produced a local undercut. Local depletion of polymer builders due to the
increased sidewall density may have caused this issue.
Figure 3.12b displays the results for the first order reflector after full processing, including two
lithography, one polishing and two etch steps. The patterns could not be fabricated successfully.
Most likely, the failure mechanism was different from the one of the etch defect described so
far. The patterns show a pitch doubling or tripling. This indicates the collapse of the resist lines
prior to etch. Similar to the results shown in figure 3.15, the AR of the patterns may have been
responsible for this kind of defect.
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3.2.5 Silicon Patterning Results
After the second lithography step, the remaining resist residues were removed by H2SO4/H2O2
wet cleaning and oxygen RIE to remove fluorocarbon residues. Afterwards, the remaining SiO2
was stripped using a buffered HF wet etch. Figure 3.13a shows of a linear grating coupler with
a first order reflector in the same etch depth. Many defects could be avoided and the deviations
(a) (b)
Figure 3.13: Silicon master patterns obtained from the fabrication process using EBL: a linear
grating coupler with adjacent first order reflector on the left (a) and a focusing
grating coupler which should allow for a significant reduction of the taper length
(b)
could be minimized with the applied pre-corrections. Grating as well as reflector patterns were
successfully transfered into silicon. A first order reflector with full waveguide height could not
be patterned due to the aforementioned issues within the etch and planarizations steps. Due to
the large misalignment of the first and the second lithography layer, the desired operation would
have been possible only at a few wafer positions. Some of the coupler devices from the layout
were planned to have such a reflector as a possible processing failure was considered possible
before.
Apart from the basic linear coupling gratings, waveguides and MRRs, also curved focusing
gratings were patterned. The results can be seen in figure 3.13b. Additionally, the dummy lines
for pattern density correction are visible in the coupler’s vicinity. Moreover, a marker field
extends into the picture at the left edge of the picture. This field is necessary to allow for a
easier identification during SEM inspection and for alignment during optical characterization.
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3.3 Polymer Mold Fabrication
The fabricated silicon masters obtained from the work presented in section 3.2 cannot directly
serve as imprint mold. Firstly, they are not UV-transparent. This would either limit their appli-
cation to thermoplastic resists or to a through substrate exposure using UV-NIL. Secondly, the
fabricated waveguides, couplers and MRRs are present in their positive tone within the master,
which was shown to be advantageous for fabrication. As the patterns should appear in polymer
after imprint in the same tone, an inverted working mold has to be cast from the silicon mas-
ters before imprint. Apart from other materials, polymers are potential candidates to serve as a
working mold material. Section 2.4 mentioned some of the inherent features and possibilities
offered by them.
In the following, the results of the polymer mold production are summarized. To be able to
decide for a suitable mold material, a overview of different commercially available options is
given first. The materials are also analyzed regarding their mechanical stability within exper-
iments. The results are compared with the theoretical predictions based on the considerations
given in section 2.4.3.2. Afterwards, the detailed process flow for the production of polymer
molds for stamp-and-repeat patterning is given. The obtained results are discussed with respect
to their impact on the imprint process. An alternative stamp geometry as well as the results
obtained with the same is presented in the end.
3.3.1 Possible Materials for Polymer Molds
During the recent decades, many publications dealt with PDMS as a mold material for soft-
lithography. Most likely this is due to the facts that it is easy to handle and cheap. Furthermore,
due to its mechanical and chemical properties, it neither requires sophisticated equipment for
processing nor imprinting. During the past few years, first commercially available imprint sys-
tems have commonly used PDMS stamps. Most notably, the surface conformal imprint lithog-
raphy (SCIL) tools of Süss Microtec [153] were established. However, material parameters of
PDMS inhibit the extension of NIL to the patterning of arbitrary layouts. These might require
squeezed resist flow or high AR, e.g. for the direct patterning of functional elements. The
principle goal is to have polymers which are easy to handle but still show a high mechanical
strength as well as a low SFE and are most likely sub i-line UV-transparent. Easy handling
mostly includes that they can be applied in a low viscous form, which can be changed to a solid
state later on. Much research has been done to improve the mechanical stability of siloxane-
based polymers. H-PDMS and X-PDMS are used frequently, unless their Young’s modulus still
remains at values of 8− 12 MPa and 65− 80 MPa, respectively [153, 154]. Another material
class are Teflon-like perfluoro-polyether-urethane-dimethacrylates (PFPEs) [155, 156]. Table
3.1 summarizes potential mold materials and their UV-NIL-related properties.
Additionally to the already mentioned materials, hybrid polymers [132] and polyurethane
acrylate (PUA) based resins are included, which show a comparably high Young’s modulus.
Unless stated otherwise, the data given in table 3.1 was measured within this work. It was also
partly published within a journal paper [140]. Contact angles were measured using acetone,
isopropyl alcohol and water on flat spun-on surfaces of the used mold materials with a con-
tact angle measurement system OCA 10 (DataPhysics Instruments). With the measured values,
79
Table 3.1: Material properties of commercial soft mold polymers
Name Typ Young’s SFE E
γ
Trans- Vendor
modulus parency
cut-off
(MPa) ⋆ (mN/m) (mm−1) (nm)
Sylgard 184 PDMS 4 25 0.16 ≈ 300 ** Dow Chemical
Fomblin MD 40 PFPE 31 13 2.4 ≈ 400 ** Solvay Solexis
Fluorolink MD 700 PFPE 120 15 8 ≈ 400 ** Solvay Solexis
Ormostamp RXP Ormocer 1100 41 27 ≈ 320 † Microresist
11 * 100 * Technology
MINS 311 RM PUA 920 20 46 < 365 ‡ Minuta
Technology
⋆ at room temperature. * with applied F13-TCS ASL. ** [157]. † [134]. ‡ [158].
the surface energies of the materials were calculated using the Owens-Wendt-Rabel-Kaelble
algorithm [159]. Data on the mechanical behavior of the materials was obtained from nano-
indentation measurements on polymer films in collaboration with the Fraunhofer Institute for
Nondestructive Testing IZFP. All samples were tested with the same measurement setup and
procedure to ensure comparability.
The given materials are a selection of a much wider range of possibilities. Alternatively, e.g.
polyvinylsilazane (PVSZ) [160, 161] or even hydrogen silsesquioxane (HSQ) [110, 162] may
be used as mold materials. In the following, cleaning defects occurring on high AR patterns are
discussed in detail.
Cleaning Defects
A validation of the theoretical models concerning pattern collapse on a mold during cleaning,
which were collected in section 2.4.3.2, is desirable. Experiments were performed with some
of the commercially available materials listed in table 3.1. Stability depends on the lateral di-
mensions and the AR of the considered patterns. Gratings and pillar arrays were chosen as test
objects as they are relevant for the replication of photonic structures in general, also including
grating couplers. The results presented in the following are partly enclosed in a publication
[140].
Silicon master structures were fabricated with a process similar to the one described in section
3.2. First, a wafer stepper exposure of a resist using an ASML PAS 5500-250 C was performed.
The customized layout contained line-space gratings with pitches of 600− 2000 nm as well
as dot arrays in a quadratic lattice and diameters of 500− 2000 nm with various duty cycles
(DCs). The patterned resist layers were used as etch-masks for RIE to gain different etch depths
ranging from 500 nm to 3200 nm. After resist stripping, a F13-TCS ASL was applied to the
silicon molds by means of molecular vapor deposition.
Polymer molds were cast from the silicon masters using Fluorolink MD 700 (Solvay Solexis)
(MD 700) and Fomblin MD 40 (Solvay Solexis) (MD 40), both with 2 wt % 2-hydroxy-2-me-
thylpropiophenone (Sigma-Aldrich) as a photoinitiator, as well as Ormostamp (MRT). Glass
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slides were used as substrates. APS1 (MRT) was used as adhesion promoter for MD 40 and
MD 700 as well as OrmoPrime08 (MRT) for Ormostamp. All materials were manually dis-
pensed onto the silicon masters and subsequently brought into contact with the substrates using
the customized imprint press. The material was cured using a UV-LED (Nichia NC4U133) un-
der a nitrogen atmosphere. A thick residual layer in the order of several 10 µm was present in
every polymer mold cast.
The stability against collapse was tested using several cleaning agents. These had to be able to
solve uncured resist residuals and to flush particles away. Furthermore, they should not swell or
dissolve the mold material or parts of it. All molds were flushed with isopropyl alcohol directly
after demolding from the silicon master and subsequently dried using a nitrogen stream. During
the experiments, other cleaning agents (acetone, ethanol and deionized water) were also used.
They show different contact angles to the used mold material. Therefore, the structures affected
by feature collapse after cleaning varied. In the following, all results are shown for isopropyl
alcohol cleaning for the sake of clarity.
In order to model the behavior of the structures according to the equations given in section
2.4.3.2, some material parameters are necessary, they are given in table 3.1. Additionally, the
Poisson’s ratio ν was assumed to be 0.3 for all considered materials.
First of all, the measured stability behavior of pillars with different diameter is given in figure
3.14a. For the simulation of the lateral collapse half-pitch structures (Λ = 2d) were assumed.
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Figure 3.14: Critical aspect ratio for different pillar diameters with measured values (o = un-
stable, x = stable) and simulation results (a), instable patterns (diameter 500 nm,
height 3.1 µm) (b) as well as stable patterns (diameter 1000 nm, height 3.1 µm)
(c) (material MD 40)
In general, the failure mechanism depends on the dimensions of the features. Below the critical
AR of lateral collapse, most considered features are stable and therefore no feature collapse
will occur as visible in figure 3.14c. In the area between the critical AR of lateral collapse and
ground collapse, only lateral collapse will be present. Dense features tend to collapse in this
area, whereas isolated features are still stable. If the AR is increased further, the ground collapse
criterion is reached and isolated features will become unstable. Both failure mechanisms can be
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observed for high AR features, as depicted in figure 3.14b, showing a boundary of a pillar array.
Posts at the edge (lower part of figure 3.14b) show a ground collapse, whereas those in the array
center are subject to lateral collapse. Due to process limitations, it was only possible to fabricate
a limited set of sample features. The results are only able to show qualitative agreement between
the experiments and theory. In conclusion, the critical AR for MD 40 is limited to 3− 4 in the
considered range of dimensions but depends on the feature size.
A comparison of the simulation results for grating patterns, based on the theory shown in
section 2.4.3.2 and the experiments, can be obtained from figure 3.15a. This shows good agree-
ment for pitches around 750 nm but deviations for larger ones. Examples of collapsed and stable
gratings are given in figures 3.15b and 3.15c, respectively. During silicon master fabrication,
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Figure 3.15: Critical aspect ratio for different grating pitches based on simulation with mea-
sured values (o = unstable, x = stable) (a), instable patterns (pitch 800 nm, height
3.1 µm) (b) as well as stable patterns (pitch 1800 nm, height 3.1 µm) (c) (material
MD 700)
the duty cycle of the resist features differed from the design value of 0.5 but was reproducible
for different structure heights. All simulation results shown took the real dimensions of the fea-
tures measured by scanning electron microscopy into account. It is visible from the simulation
as well as from the experiments that the achievable AR depends on the pitch of the dense struc-
tures. This also holds true assuming perfect half-pitch structures. Residual deviations in figure
3.15a might be explained by a sidewall angle differing from 90◦. The SFE of the cast structures
might also be different to the spun-on films, where the contact angles were measured. The SFE
of a master can influence the SFE of a cast mold [163].
Figure 3.16a shows the critical AR depending on the grating pitch for different mold mate-
rials. The subfigures 3.16b,3.16c and 3.16d exhibit mold structures cast from the same master
in different materials. Herein, only Ormostamp is able to withstand a cleaning procedure with
isopropyl alcohol without feature collapse. The SFE of untreated Ormostamp is higher than that
of MD 40 and MD 700 (cf. table 3.1), resulting in smaller contact angles respectively. Conse-
quently, higher pressure differences between adjacent capillaries Eq.(2.30) are generated. The
higher Young’s modulus is able to compensate this rise completely.
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Figure 3.16: Critical ARs for different pitches and materials based on simulation (a) where (×)
denotes the dimensions of the structures in the experiment either made of MD 40
(b) MD 700 (c) or untreated Ormostamp (d) all cast from the same master
The dependence of the critical AR on the Young’s modulus of the mold material is given
in figure 3.17. The slope is much steeper in the region of a low Young’s modulus, where
0 200 400 600 800
0
1
2
3
4
5
6
7
Young‘s Modulus (MPa)
M
ax
im
al
 A
sp
ec
t R
at
io
Figure 3.17: Critical aspect ratio for different Young’s moduli (structures: half-pitch 300 nm,
sidewall angle 90◦, surface energy 41 mN/m, isopropyl alcohol cleaning)
materials like PDMS or PFPE can be found. Stiffer materials, like Ormocers or PUAs, can
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drastically increase the critical AR. Although the elastic modulus has a major effect on the
stability of polymer mold patterns, the stability can also be tuned by the surface properties of
the mold material. Usually, the application of an ASL will lower the SFE. However, solvents
like isopropyl alcohol or acetone do show a wetting behavior (contact angle 45− 60◦) even on
surfaces with very low surface energy, like those with applied F13-TCS layers. Therefore, it
is difficult to eliminate the capillary meniscus forces by increasing the contact angle to 90◦ or
above by changing the solvent.
Best Suited Material
The former considerations suggest that the decision in favor of a polymer mold material is easy.
The main parameters to be considered are the Young’s modulus, which should be as high as
possible and the SFE, which should stay as low as possible. The general trend is of course
true, but for a specific pattern and technology, the decision might not be that easy. As already
discussed, the SFE is not able to describe all possible surface interactions. Therefore, the mold
material as well as an additionally applied ASL have to be compatible with the resist used.
Furthermore, the stiffer the mold, the lower is its ability to account for planarity differences to
the substrate and particles. This drives the demands on the master, the imprint equipment as well
as the cleanroom environment. The combination of MINS 311 RM as a mold and Ormocore as
a resist seems to be promising.
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3.3.2 Bonded Mesa Structures
The goal of step-and-repeat imprinting is to repeatedly replicate a single chip on a wafer. A chip-
sized mold is necessary for this purpose. In reality, the basic approach shown in figure 2.36 has
to be extended, to yield a mold compliant with the restrictions imposed by the process and the
used equipment. Conventionally, fused silica molds are used as templates, where a mesa pro-
trusion defines the active imprint area. This mesa can be patterned from a bulk template either
by etching or milling the surrounding area of the template. The active mold area can either pre-
viously or afterwards be patterned using the techniques described in section 2.3. However, due
to the unconventional substrate size (usually 65× 65× 6.35 mm3), a full processing of such a
mold is difficult, as most of the equipment within semiconductor manufacturing is dedicated
to wafers of different sizes. One way to circumvent this issue is to use a bonded mesa pattern.
This can be a chip which was previously fabricated within a full wafer and subsequently diced
to the size desired. Previous works at the IHM have focused on a process to bond a patterned
mesa adhesively to a template [9, 164]. Therein, possible adhesives were investigated regarding
bond joint strength, achievable planarity and chemical stability. The results are the basis for
the process scheme followed to produce a polymer mold imprint template as depicted in figure
3.18. In contrast to previous works, a flat mesa is used to give a constrained area replicated
VI. Imprint
Substrate Imprintmaster Anti-Sticking Layer
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V. Anti-Sticking-Layer Deposition
Fused Silica Polymer Mold
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Adhesion Promoter
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Figure 3.18: Production scheme of polymer molds for step-and-repeat imprint using fused silica
templates with bonded mesa structure
later on. For all results shown, Katiobond 4670 (DELO) was used as an adhesive, which was
manually dispensed to the template. Depending on the requirements, the mesa was afterwards
placed using the NPS 300, which is a dedicated flip-chip bonder, or manually. For the latter,
the adhesive spread under the mesa due to capillary forces, whereas an external force could be
applied using the NPS 300. In any case, part of the bond adhesive will form a meniscus at the
edges of the mesa. Subsequently, the adhesive was UV-cured either using the UV-LED array
inside the NPS 300 or a customized UV-LED.
Before a polymer mold can be cast, usually a specific adhesion promoter has to be applied.
In most cases, commercially available mold polymers come with a promoter suitable for glass
substrates. Based on the results shown above, Ormostamp and MINS 311 RM are most suit-
able for the targeted application. The respective adhesion promoters Ormoprime 08 (MRT) and
PUA Glass Primer (Minuta Tech.) have to be applied via spin-coating and baked subsequently.
Edge bead formation is an inherent problem to spin-coating. For Ormoprime 08 a large edge
bead formation could be observed. The issue was less critical to the PUA Glass Primer. An
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edge bead hinders the minimization of the polymer mold thickness which is beneficial to in-
crease the template’s stiffness (cf. section 2.4). To circumvent any edge bead, an adhesion
promoter can be applied from the gas phase. Both, Ormostamp and MINS 311 RM are acrylate-
based, which enables the deposition of a siliane-based adhesion promoter with a similar setup
as used for ASL application. (3-methacryloxypropyl)-trichlorosilane (TCS-MA) (AB109004,
abcr GmbH & Co. KG) is a well-known adhesion promotor for acrylic resins [9]. It was used
and showed sufficient adhesion to avoid mold detachment from the template. If the polymer
thickness should not be minimized, spin-coating the adhesion promoter is sufficient. After ap-
plying the adhesion promoter, the mold could be cast from the master with applied ASL. For
this purpose the mold polymer was manually dispensed on the master. If a precise alignment
was not required, the fabricated template could be placed atop manually as well. Capillary
forces and the self-weight of the template spread the polymer over the entire area before it was
cured using the customized UV-LED. Alternatively, the NPS 300 could be utilized to place and
align the mesa with respect to the master. In principle, an alignment accuracy of < 500 nm can
be achieved. The template was then brought into contact with the master. Damage to the master
should be avoided by a minimal pressure. The NPS 300 can control the applied pressure during
imprint or mold casting. Practical experiments have shown, that the minimal controllable force
is≈ 5 N. This results in an imprint pressure of already 0.02− 0.05 MPa depending on the chip
size. Ormostamp and MINS 311 RM show viscosities, which will lead to thin polymer layers
after casting. Therewith, the possibility of master damage, due to particles or template contact
is increased. Particle contaminations of the template including mesa cannot be excluded due to
manual handling. Unfortunately, the possibilities to clean the template are limited. As in the
entire process, the equipment available for cleaning is mostly dedicated to wafers and requires
special tooling for the used template sizes. Furthermore, the used bonding adhesive (Katiobond
4670) is an epoxy-based resin and is not able to withstand aggressive cleaning procedures, e.g.
with H2SO4/H2O2 [9]. The polymer mold can be cured using the UV-LED array of the NPS 300.
An nitrogen or helium purge avoided oxygen inhibition during mold curing.
Demolding mostly has to be performed manually. The NPS 300 allows automated demolding
and can further measure the force required for this. Unfortunately, the chuck vacuum is not able
to hold the master due to its small area (cf. section 3.2). For manual demolding, precautions
have to be taken to avoid shear forces or a peel-demolding. Many pattern defects could be elim-
inated by proper demolding. For this purpose, an automated demolding process, which involves
forces vertical to the surface only, is desirable. This is possible if the unpatterned area around
the active chip of the master is increased.
The MINS 311 RM polymer mold can be used for imprint straight away. For Ormocore, the
application of an additional ASL is necessary. For this purpose, F13-TCS was applied with the
customized MVD setup after surface hydroxylation using an oxygen plasma was performed
within a Plasmalab 80 PLUS (Oxford Instruments).
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3.3.3 Flatness of Polymer Molds
A polymer mold resembles the patterns of the master it was cast from. A mold as fabricated in
3.2 will not only show the pattern deviations as already discussed. Additionally, it will show a
surface which is not perfectly flat. In theory, mold and substrate are often considered as per-
fectly flat, which would lead to a simultaneous contact of the entire imprint area, if tilt errors are
excluded. In reality, neither the mold nor the substrate surface are perfectly flat. Figure 3.19a
shows the deviations from an ideal flat surface of the silicon master. The data was obtained
using a customized confocal microscope PLµ 2300 (Sensofar-Tech). It includes a precision
three-axis stage as well as a 10x phase-shift objective. This combination allowed the acquisi-
tion and stitching of > 100 in-die topography images, as required to cover the entire mold area,
within a reasonable measurement time. The acquisition of the necessary topography data is
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Figure 3.19: Flatness deviation of a silicon master chip (a) and the same for a PUA polymer
mold cast from it (b)
rather difficult, as the master surface is patterned. The lateral pattern dimensions are mainly in
the range of 5 µm, as dummy patterns dominate the given layout as visible in figure 3.2. It is
therefore possible to use a low magnification system, while still be able to distinguish between
trenches and protrusions. When the structures become smaller, the resolution of the system,
hence the magnification of the objective, has to be changed. This will lead to drastically in-
creased measurement times. Complex layouts may generate artifacts as visible in figure 3.19.
The flatness inhomogeneity of the silicon master is roughly ±500 nm. As visible in figure
3.19b, the inhomogeneity also transfers to a polymer mold cast. Contact of the mold and a
substrate occurs in the center region during imprint. Depending on the stiffness of the mold and
the substrate, the applied imprint pressure leads to a deformation of the mold and, hence, a con-
formal contact. If the applied pressure is low, which is desirable to avoid feature deformation,
conformal contact may not be achievable within the entire mold area. This is especially true if
the complete mold stack involves stiff materials.
Planarization or cushion sheets can be integrated into the imprint stack to account for this prob-
lem [165–167]. For most of the results shown within this thesis, a PDMS cushion layer was
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inserted directly underneath the substrate.
3.3.4 Polymer Molds using Flexible Mesa Structures
Reducing the effect of the mold flatness inhomogeneity by introducing a cushion layer under-
neath the substrate induces serious issues for step-and-repeat imprinting. If a chip-sized mold
is pressed onto a substrate with a flexible backbone, the substrate will be locally deformed.
Depending on the cushion layer’s thickness, imprint pressure and chips size, the substrate may
also break due to load jumps at the mold edges. A more general way is the integration of a
cushion layer within the mold. Figure 3.20 shows a comparison of a polymer mold with rigid
and flexible backbone. The one with the rigid backbone can be produced according to the pro-
cess shown in figure 3.18. Integration of a flexible backbone can follow a similar route. Here,
the fused silica mesa structure is exchanged with a softer material. For the experiments shown
in the following, PDMS was cast directly on a silica template using a mold with a pre-defined
groove with a depth of roughly 500 µm. Subsequently, an oxygen plasma treatment using a
PlasmaLab 80plus (Oxford Instruments) was performed. Most of the commercially available
adhesion promoters dedicated to silica surfaces can be applied further on, as the oxygen plasma
generates reactive hydroxyl groups on the siloxane backbone of PDMS.
Figure 3.21a shows the imprint results obtained using a mold with flexible mesa and a PUA
WorkingStamp Polymer
Fused Silica Adhesion Promoter
Rigid Backbone
PDMSAdhesive
Flexible Backbone
Figure 3.20: Comparison of a molds with a fused silica template and a flexible PDMS or a rigid
fused silica backbone
working stamp polymer. Conformal contact was reached over the total chip area in conjunc-
tion with no visible defects resulting from incomplete filling. Unfortunately, the RLT showed a
large variation of±220 nm as visible in figure 3.21a. By comparison of the RLT results and the
layout shown in figure 3.2, it is visible that resist will remain in sparsely patterned areas. The
residual resist is accumulated at the end of the line-shaped dummy features.
As already discussed, the given layout includes large unpatterned areas and requires a squeezed
flow of the resist. The flow within a cavity will depend on the pressure difference applied
(cf. eq. (2.27)). If the Young’s modulus of the backbone material is low (≈ 4 MPa), larger
deflections are necessary to achieve the same pressure difference as for a silica mesa (Young’
modulus ≈ 70 GPa). Reducing the initial film thickness lowered the maximum RLT thickness
but the relative variation remained high. As the RLT is of crucial importance for the grating
coupler’s performance (cf. section 2.2.2), this variation is not tolerable. For comparison, figure
3.21b shows the results obtained using a rigid backbone with the other processing conditions
remaining the same as before. RLT variations of only ±23 nm were measured in the area under
consideration and can be mainly addressed to pattern height inhomogeneities as will be dis-
cussed later on.
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Figure 3.21: RLT inhomogeneity induced by different stamp stacks using a PUA (MINS 311
RM (Minuta Tech.)) mold material with a flexible backbone (a) and a rigid back-
bone (b) (initial resist thickness approx. 845 nm, imprint pressure 0.01 MPa, hold-
ing time 600 s)
The integration of a flexible layer which is able to account for flatness deviation of the mold
is desirable. A stack including a polymer mold in combination with a fused silica mesa and a
PDMS layer underneath may be an opportunity. Also, the thickness of the polymer working
mold will have an influence as long as its Young’s modulus is not in the range of the used silica
mesa.
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3.4 Imprint
3.4.1 Imprint Setup
Imprint experiments within this thesis were performed using two imprint setups. One is a step-
and-repeat imprint system operated in the IPMS cleanroom. T-NIL and UV-NIL are possible
but require different imprint heads. The system can perform imprints on wafers up to 200 mm
diameter, including alignment as well as automated tilt correction between mold and substrate.
The process can be fully automated to perform all imprints within a wafer, whereas no wafer
handling system is included. Conventionally, 65× 65 mm2 mold templates with a thickness
of 6.35 mm are used for UV-NIL. As described in the previous section, the fabrication of a
working mold on top of a template includes several process steps (cf. figure 3.18). Most of
them require several iterations of optimization. The preparation of such templates and their use
within the NPS 300 is a rather difficult task due to the requirements imposed by the machine.
To account for this, a customized UV-NIL imprint press was designed and built within this
thesis; it is located at IHM. Pressure can be applied manually and measured. A rather simple
tilt compensation as well as alignment are also possible on wafers up to 100 mm or samples. If
needed, the system can be additionally purged using He or N2 to prevent oxygen scavenging.
The simple setup allowed for a quick and easy evaluation of the desired processes in a laboratory
environment.
3.4.2 Reverse Imprint
Conventionally, the resist is applied to the substrate on which the imprint should be performed.
Alternatively, the resist can also be applied to the stamp, what is often called reverse imprint
[34]. During the experiments of a project [151, 168], it was observed that a reverse imprint
can avoid the imprint-inherent residual layer by guided dewetting. The work presented in the
following was conducted in collaboration with René Hensel and is part of a publication [150].
The silicon molds used in the following were fabricated using projection lithography and RIE,
similar to the one presented in section 3.2.2. Originally, the silicon masters were targeted as
molds for thermal imprint and hence showed a negative tone of the waveguide features. Un-
fortunately, silicon molds cannot be used for standard through-mold UV-NIL exposure as they
are not transparent for UV radiation. In principle, they can be used in a through-substrate
exposure system which is impossible as silicon substrates with a silicon dioxide cladding are
used. In contrast, polymer working stamps can allow a through-mold exposure. For replication,
15× 15 mm2 large chips were diced from the wafer master. Polymer molds were cast from
the silicon master using UV-curable PFPE (Fluorolink MD 700, Solvay Solexis) with 0.5 wt%
of 2-hydroxy-2-methylpropiophenone (Sigma-Aldrich) as a photoinitiator. The whole process
flow for the structure replication is depicted in figure 3.22. For tone inversion, a second PFPE
mold was cast from the daughter mold without adding any releasing agent. A low viscous liquid
poly(ethylene-glycol)-diacrylate (PEG) (700 g/mol, Sigma-Aldrich) solution with 0.5 wt% of
a benzophenone photoinitiator (Irgacure 651, CIBA) was applied to the patterned PFPE by dip-
coating using a LB Dipping System LD 1 (Riegler and Kirsten). The entire second PFPE mold
was dipped into the resist and subsequently withdrawn using a constant velocity of 0.3 mm/s.
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II. Tone InversionI. Mold Casting III. Resist Dipcoat
IV. Resist Curing V. Demolding
Silicon PEGdaPFPEdma
Figure 3.22: Process flow for the double daughter mold casting for tone inversion and the resid-
ual layer free reverse imprint
During withdrawal, the meniscus of the resist solution is moved along the patterned surface.
No resist solution was deposited at the elevated flat regions atop the mold due to the low sur-
face energy of the PFPE material (15− 16 mN/m) and a consequent receding contact angle of
51± 2◦ was measured by a Contact Angle System OCA 30 (Dataphysics), being in agreement
with earlier reports on capillary assembly [169]. However, the features (channels, grooves)
were filled with resist due to capillary forces [170]. The trenches act as pinning barriers against
the advancing meniscus which was first deformed and subsequently disrupted without leaving
the patterns depleted. Silicon substrates were used for the subsequent reverse UV-NIL process.
TCS-MA was deposited as a coupling agent using vapor phase deposition. The PFPE mold was
brought into contact with this silicon substrate and a curing process was induced by LED UV
irradiation (365 nm, 720 J/cm2) in the customized imprint tool with a nitrogen atmosphere. A
cross-sectional view of the obtained results is depicted in figure 3.23a. Features with different
height levels and no residual layer between the features could be transfered. The process flow
(a)
20 µm
(b)
Figure 3.23: Residual layer free polymer patterns with two height levels on a silicon substrate
shown in a cross-section (a) and resist bridging within a ring-shaped trench (b)
presented was able to achieve acceptable results for multiple kinds of repetitive features like
gratings or dot arrays. However, residual layer free replication of more complex shapes turned
out to be difficult. The set of possible dip-coating parameters is restricted by the rotation of the
mold, the angle of the mold to the resist surface and the withdrawal velocity. These have to be
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optimized for each combination of mold and resist material. Optical properties of the imprint
resist are of overriding importance to maintain a efficient device operation. Hence, the choice
of possible material is further reduced. Despite of an optimized process, some patterns do show
bridging effects between adjacent trenches as depicted in figure 3.23b. Here, the inner part of
the ring is completely covered with resist, which will consequently yield a residual layer in this
area. For some pattern geometries, the bridging state may be energetically favorable compared
to a dewetted state. Furthermore, the energy barrier to change the states might also be high
enough to make a change rather unlikely.
As the RLT has a significant impact on the performance of the MRR and the grating couplers,
the presented method might be a technological option in the future.
3.4.3 Direct Pattering of Spin-coated Films
The NPS 300 provides a drop-on-demand dispensing unit. As already discussed, many prob-
lems occurring in NIL can be diminished if the initial resist height can be locally adjusted.
Ormocore is not a dedicated material for drop-on-demand dispensing, but can easily be applied
by spin-coating. Previous works have shown good results for step-and-repeat imprint in such
resist layers [58]. In the following section, some of the effects and limitations concerning the
targeted structures are discussed.
Edge Effects
Step-and-repeat imprint includes the problem of a comparably small imprint area and inherent
non-uniformities at its edges. If the viscosity of the resist material is low enough, it is able to
travel under the mold even in small residual layers. The abrupt pressure drop at the mold edge
results in an enforced resist flow out of the mold. The impact of the mold edge may influence
the entire imprint area. Figure 3.24 shows the RLT of an imprint in a spin-coated Ormocore
layer with an unstructured imprint mold as depicted in figure 3.18. A silicon wafer was used
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Figure 3.24: Resist thickness of an imprint site using an unstructured mold showing a drop at
the edges of the imprint area
as a substrate having a PDMS cushion layer to ensure conformal contact. RLT edge values are
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significantly smaller than the mean value. The small cavity diameter at the edges significantly
reduces the flow of the resist out of the center part, as can be obtained from eq. (2.27). The
edge of the mold somehow seals the imprint area and prevents a further reduction of the resid-
ual layer within reasonable times. The effect of bow-like RLT profiles due to inhomogeneous
boundary conditions has been reported previously [9, 116, 171]. Variations of the RLT will di-
rectly contribute to a shift of the bandwidth of the grating coupler (cf. eq. (2.19)). To minimize
the variation, one strategy is to push the boundary away from the active imprint area by adding
a safety margin to the mold. The mold area is increased, but only a smaller area is used for the
devices. For all results shown in the following, the mold size was increased to 15× 15 mm2
with an active chip size of 10× 10 mm2 only. The safety margin size was limited by the size
of the silicon master chips produced.
Defects and Achievable Aspect Ratio
NIL can generate different kinds of defects. Apart from process or equipment-related ones
(particles, demolding scheme), defects are also related to the involved materials and the pat-
terns that should be replicated. Figure 3.25a shows a cohesion break of reflector lines in an
Ormocore grating coupler. A PUA mold was used for imprinting. In principle, it is visible that
the demolding defects are AR-related, as the grating coupler lines on the right of the micrograph
are not effected. For the dense lines on the left, a pronounced defectivity of the line ends can
be observed. As they appear on both sides of the grating, defects induced by the demolding
scheme are unlikely. The demolding forces in the line-end region are of course higher due to
the increased interaction area.
The strategy used for stamp production (cf. section 2.3.4) shows an additional problem. If the
(a) (b)
Figure 3.25: Cohesion break of reflector structures during demolding (a) and embedded defect
in a reflector pattern (b) (parameters: (a) stamp: MINS 311 RM, resist: Ormocore;
(b) stamp: Ormostamp RXP, resist: UVcur21SF)
etch processes lead to sidewall angles ϕe smaller than 90◦ and no undercut, the SiO2 layer used
for planarization will mask the intersection edge during the second etch step as sketched in fig-
ure 3.26a. As a result, sharp conical lines or spikes with high AR are produced. The effect can
be observed more clearly in figure 3.26b showing results of a pilot test with multi-layer crossed
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Figure 3.26: Formation of high aspect ratio spikes at the edges of two patterning levels during
the second etch process as shown in detail B (cf. figure 2.31) due to a sidewall
angle ϕe smaller than 90◦ (a) and spikes within a silicon master pattern (b)
gratings. Spikes are process-inherent and can also be observed in the results of other publica-
tions using similar process schemes [42]. During imprint, spikes are most likely transfered into
the mold as silicon can withstand the demolding process due to its high tensile stress at break.
Due to the high resulting AR, the resist material will not be able to withstand and will break.
Unfortunately, the mechanical resistance of a pattern usually drops significantly once a crack is
induced. This will increase the possibility of a cohesion break at the line end. Sidewall angles
close to, or even above, 90◦ as well as an undercut during silicon master etch can solve this
problem.
The AR achieved with the combination of Ormocore resist and a PUA mold was roughly limited
to values below 2. From this point of view, the replication of first order reflectors with a full
waveguide height of ≈ 2 µm and lateral dimensions of ≈ 300 nm, thus an AR of > 6 , is not
possible. In principle, it might be possible with other combinations of resist and mold [140].
A further high AR pattern occurs in the gap region of the MRR. Here, not the imprint resist but
the mold might be damaged.
Figure 3.25b shows another type of defect. It often, but not exclusively, appeared when
UVcur21SF (MRT) was used as resist instead of Ormocore. The underlying mechanism is still
unknown, but trapped air does not seem to be the only reason. More likely, the polymer-inherent
shrinkage may also contribute to this defect.
Residual Layer Thickness
A crucial part of the fabrication process is the control over the residual layer thickness (RLT)
as it influences device performance (cf. section 2.2.2.2). In many other applications, the goal is
to achieve a RLT as small as possible. Here, the RLT homogeneity is much more important to
maintain a high efficiency for all devices. Nevertheless, the targeted ratios of pattern height to
residual layer thickness easily exceeds 10. As usual with NIL, the reduction or homogenization
of the RLT should not reduce the yield. Figure 3.27 shows the RLT for a series of three different
initial film thicknesses hi, applied by spin-coating. The mold size was chosen to be bigger than
the active imprint area to avoid the already mentioned edge effects. A dependence of the RLT
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Figure 3.27: RLT of imprints with different initial film thicknesses hi of 847 nm (a), 741 nm (b)
and 645 nm (c) as well as their uniformity (◦ = standard deviation, ∗ = maximum -
minimum) depending on the mean value (d) (imprint pressure 0.44 MPa, holding
time 60 s)
on the position can be observed for all three samples. Two effects can account for most of the
inhomogeneities. Firstly, the pattern density as depicted in figure 3.28a will lead to a varying
RLT across the active imprint field. The chip layout showed two sub-chip designs, with and
without MRR (cf. figure 3.2). These two designs vary in their respective pattern density, which
leads to different material amounts required for filling, hence changes in RLTs for spin-coated
films. This is clearly visible in the right parts of figures 3.27(c)-(a). Secondly, the pattern height
also depends on the position, due to the RIE and CMP steps used during production as described
in 3.2. Figure 3.28b shows the pattern height of the silicon master used to obtain the results in
figure 3.27. Starting with the tallest patterns in the lower left corner, a reduction towards the
other corners can be observed. This also corresponds to the measured RLT inhomogeneity.
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Figure 3.28: Feature density of a single test chip, averaged over an area of 50 µm×50 µm (a)
and the feature height of the used silicon imprint master (b)
Nevertheless, the achievable homogeneity is not yet sufficient. Better results seem to be possible
by selective resist application for the given master. More likely, the design and the fabrication
process can be optimized resulting in a constant pattern density and height throughout the entire
chip. Figure 3.27d shows the uniformity of the RLT depending on their mean value for the
previously shown samples. Thereby, the MRR section of the layout was excluded, as in this
section an initial film thickness of 645 nm was not sufficient to fill the patterns, and, thus, a
considerable amount of defects occurred. Interestingly, the variation is almost independent of
the mean value. Thereby, an off-target value of the underlying cladding thickness hcl might
be compensated by adjusting the initial film thickness hi. This can be controlled precisely by
means of the thickness of a spin-coated layer. However, the data available so far is not sufficient
and more samples need to be evaluated to verify the given results.
Anti-Sticking Layer Degradation
When polymer molds are used for imprinting, adhesion has to be prevented at at two process
steps (cf. figure 3.18). Firstly, between the master pattern and the mold and, secondly, between
the mold and the resin during imprint. Therefore, an ASL is applied to the master. Furthermore,
depending on the used mold polymer and resist, an additional ASL has to be applied to the
polymer mold. The degradation of silane-based ASLs is a common problem in NIL [172] and
especially in UV-NIL [148, 154].
In contrast to wafer-scale patterning, step-and-repeat imprint involves multiple imprints to fill
one wafer. To be able to obtain a satisfactory throughput, a high number of imprints and hence
a long ASL lifetime is required. Figure 3.29a shows the water contact angle of Ormostamp
(MRT) polymer molds cast from a silicon master with a F13-TCS ASL applied immediately
before. As described in section 2.4.2, silanes should form stable monolayers on top of a sur-
face. Figure 3.29a suggests that part of the originally applied ASL is transfered to the polymer
mold’s surface. Table 3.2 shows X-ray photoelectron spectroscopy (XPS) data obtained from
the samples shown in figure 3.29a. It is clearly visible that a significantly higher amount of
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Figure 3.29: Water contact angle of polymer molds (Ormostamp (MRT)) cast from a silicon
master with freshly prepared F13-TCS ASL (a) and the demolding tension depend-
ing on the number of imprints with a polymer mold (Ormostamp) with a F13-TCS
ASL (resist: Ormocore) (b)
fluorine can be found on the surface of the first mold cast. This suggests that the ASL applied to
the silicon master is not a covalently bond monolayer, but also contains weakly bond F13-TCS
molecules. Note that copper can be found on the mold surface, which is usually added to the
silanes for stabilization purposes.
Table 3.2: Atomic composition on the surface of polymer molds
(Ormostamp) cast from silicon masters with an unused
F13-TCS ASL obtained from XPS spectra
Element C (1s) O (1s) F (1s) Si (2p) S (2p) Cu (2p)
(at%)
first 44.4 14.2 37.1 3.6 0.7 −
second 67.3 24.3 0.6 3.8 2.5 1.5
third 71.2 18.0 0.9 6.0 3.1 0.8
Knowledge of the surface chemistry of a polymer mold is of crucial importance if an addi-
tional ASL has to be applied to it. There have to be accessible hydroxyl groups all over the
surface to allow for a covalent bonding of F13-TCS molecules.
Furthermore, the hydroxyl groups should be connected to the cross-linked polymer network of
the mold. The UV-NIL process may deteriorate an ASL applied to the polymer mold. Figure
3.29b shows the tension needed to detach the mold from the cured resist depending on the num-
ber of imprints. Here, a clear increase can be observed, which can most likely be addressed
to the degradation of the F13-TCS layer. Degradation effects do not exclusively depend on the
suitability of an ASL for a mold material, but also on the resin [154]. The setup used to obtain
the results shown in figure 3.29b involves chemically similar Ormocer R© hybrid polymers as
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mold material and resist. This may not be a suitable combination, but further investigation is
required to clarify this matter.
Alternative materials which show a high Young’s modulus in conjunction with an intrinsically
low SFE are available (cf. table 3.1). This saves process time and excludes the deterioration
of an additional ASL. Nevertheless, other mechanisms like diffusion of resist into the mold or
mechanical abrasion during demolding may lead to imprint defects or pattern degradation.
Imprint Results
In spite of all weaknesses and deviations, including their impact on optical performance, the
patterning results obtained are good. The best results could be obtained using a MINS 311 RM
polymer mold cast from a silicon master. As the cast was performed manually and the polymer
thickness was not minimized, the commercially available adhesion promoter was applied to the
mesa pattern previously to mold cast by spin-coating. Imprints were mostly performed using
the customized imprint press at IHM. Samples from silicon wafers with silicon dioxide on top
were used as substrate. A PDMS pad with a thickness of approx. 2 mm was inserted under
the substrate to ensure conformal contact with the mold. Ormocore served as an imprint resist
and was spin-coated without an additional adhesion promoter. The applied pressure of 0.5 MPa
was maintained for 180 s, whereas in the last 60 s a proprietary UV-LED with a power density
of over 300 mW/cm2 within the imprint area was used for curing. Usually, no additional inert
gas purge was performed.
Figure 3.30 depicts several parts of the fabricated optical chip. Figure 3.30a shows a coupler
and adjacent dummy patterns as well as a caption in the upper left corner. In the close up in
figure 3.30b, the coupling grating as well as a first order reflector at the same height level can be
observed. The high values of structure height to RLT are visible in the cross-section depicted
in figure 3.30c. Note that the desired square profile was not achieved. Several factors (etch
pre-correction, etch sidewall angle, polymer shrinkage) contributed to this, but were already
discussed in previous sections. At last, also polymer MRRs could be successfully fabricated as
visible in figure 3.30d.
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(a) (b)
(c) (d)
Figure 3.30: Fabricated grating coupler with a adjacent reflector in a waveguide of Ormocore
(a), close-up of the coupling region (b) and a cross-section through a waveguide
(c) as well as a MRR in add/drop configuration (d)
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3.5 Optical Characterization
The former chapters described the simulation, the master and mold fabrication and the repli-
cation of grating couplers for polymer waveguides. Of course, as every experiment, the given
patterns should not only be considered hypothetically, but an optical characterization should
verify their operation. This will be described in the following.In order to perform the neces-
sary experiments, the available measurement setup had to be extended. As a result, not only the
spectral response of the devices could be characterized but also spatially resolved measurements
were possible.
First, the fabricated waveguides are discussed briefly before the same is done with the cou-
plers in detail. A general proof of principle is shown and the necessary positioning accuracy is
determined. Thereafter, the spectral response and the achievable efficiency are discussed. An
analysis of the underlying effects is performed to reveal weaknesses of the chosen design and
fabrication process.
The characterization of the fabricated MRRs is not included as it was not the main focus of this
work. However, it is very likely that they show neither large quality factors nor critical coupling.
First of all, the ring radii implemented in the layout are ranging from 40 µm to 90 µm. Those
small radii will cause high bending losses that inhibit a high quality factor [8]. Unfortunately,
the respective simulations and experiments were carried out after the fabrication of the silicon
master for this project. Moreover, the designed gap values had a standard value of 500 nm. A
further broadening occurs due to the polymer shrinkage and the applied etch bias. This caused
an overcompensation for the final chips due to a changed process (cf. section 3.2).
3.5.1 Optical Measurement Setup
The measurement setup, as used before, was designed for in-plane butt-coupling at the chip’s
edges. It was set up during an accompanying PhD project [8]. It consists of a tunable laser
TLB 6328 (NewFocus) with a tuning range from 1520 nm to 1570 nm. The output waveguide
is coupled to an optical isolator to avoid back reflections from the subsequent elements into the
laser. A manual fiber polarization controller is used for polarization adjustment before passing
an additional polarizer. A polarization maintaining fiber guides the light to the measured chip.
Due to the size-mismatch of the mode diameters, tapered fibers are used for coupling to the chip.
Coupling from the chip is in most cases done using a standard single-mode fiber, which is then
connected to a variable gain detector OE-200-N (Femto). The detector is fed back to the laser,
which can be controlled via LabView (National Instruments). Three differential driven stages
with three axes (one MAX350D/M + two MAX313D/M (Thorlabs)) allowed the individual
manipulation of input and output fibers as well as the chip. A top-down microscope was used
for in-plane alignment and vertical alignment through focus manipulation.
As discussed, gratings allow for the out-of-plane coupling. Therefore, the measurement setup
had to be modified. Part of the planning and implementation was done during a student research
project [173].
The new measurement setup includes an additional in-plane microscope which was used for
collision detection of fiber and chip. It was placed on a customized three-axis stage which
additionally allowed to define different tilt angles. The previously used stages only allow a
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manual position tuning with a minimum step size of ≈ 50 nm. Due to the manual interaction, a
rather huge crosstalk between the axes can be observed. The automatic characterization of the
positioning tolerance of the grating couplers required a new stage. A piezo-driven NanoCube
P-611.3S stage supplied by an E-563.I3N controller (Physik Instrumente) was used. This setup
allowed the fine tuning with a maximum range of travel of 100× 100× 100 µm3 and 10 nm
repeatability in the feedback mode. Moreover, a manually driven tilt stage was integrated to be
able to perform off-vertical measurements with angles up to 10◦. The entire setup, including
two microscope cameras, the piezo-driven stage and the laser can be controlled via LabView.
If the mapping of the positioning accuracy is not of interest, the piezo driven stage can be also
used to place the in-plane fibers. Several adapters can be used to account for various coupling
schemes.
3.5.2 Waveguides
An in-depth optical characterization of the fabricated waveguides would at least include the
determination of the propagation loss and the mode-profile. The loss is usually determined by
evaluating waveguides of different lengths. When non-linear optical effects can be neglected,
the slope of the transmission curve depending on the waveguide length gives the waveguide loss
(e.g. [26]). As discussed in section 2.1, this may be caused by material absorption, roughness
scattering or leakage, e.g. to the substrate. Unfortunately, the necessary test patterns were not
integrated within the optical chip layout described in section 3.1, but will definitively be part of
a future design.
The determination of the mode-profile of the waveguides can be done by a projection of the
waveguide mode onto a space-resolved detector using a suitable optic (e.g. [174]). As no
infrared array detector was available, an alternative method was applied. Instead of directly
measuring the intensity distribution, the coupling efficiency from a waveguide similar to the
one shown in figure 3.30c to a tapered single-mode fiber was determined. The aforementioned
piezo driven stage was utilized for fiber positioning. The measured normalized coupling ef-
ficiency can be obtained from figure 3.31. The asymmetric shape may be due to a slightly
damaged fiber tip. The applied method somehow averages over a certain area, as the fiber
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Figure 3.31: Normalized butt-coupling transmission from waveguide to fiber at a chip facet
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collects the emitted intensity within its numerical aperture. When multi-mode operation had
been possible and a significant amount of energy had been guided within higher order modes,
this would have been visible also from this type of averaged image. It is therefore very likely
that the fabricated waveguides show single-mode operation. This could also be expected from
the simulation results as shown in figure 2.3, but more measurement results are necessary to
get experimental certainty. This also would include the characterization depending upon the
waveguides’ geometry.
3.5.3 Grating Couplers
The optical characterization of the fabricated waveguide couplers is absolutely essential for
further process development. Spatial and spectral phenomena are discussed here. For all mea-
surements shown in the following, the polarization was maintained to TE, hence the electrical
field component parallel to the grating lines.
3.5.3.1 Positioning Tolerance
As a first proof of principle, the coupling from waveguide to fiber was tested. Similar to the
setup shown in figure 3.33, a polarization maintaining fiber was used for near-vertical cou-
pling to the chip. Coupling from the waveguide was performed at the chip edge to a standard
single-mode fiber. The normalized coupling loss depending on the relative in-plane position of
the vertical fiber can be obtained from figure 3.32. The considered coupler consisted of nine
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Figure 3.32: Normalized coupling loss depending on the relative position between grating and
single-mode fiber (in: PMF, 90◦, distance: smaller 10 µm; out: SMF 28e+, in-
plane)
grating lines with a pitch of 1.045 µm and a waveguide width of 10 µm. The allowable 1 dB
and 3 dB positioning tolerances are approximately ±2.8 µm and ±4.9 µm respectively. The
achieved results are slightly superior to the ones obtained within SOI technology and a similar
design (1 dB ±2 µm, 3 dB ±4 µm) [16].
As the beam, leaving the lateral fiber, diverges depending on its numerical aperture, the posi-
tioning tolerance will also depend on the fiber’s distance to the coupler surface. Larger distances
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will lead to increased alignment margins. However, maximum efficiency of the coupler will also
drop. If the targeted application can tolerate additional losses, larger distances are desirable.
Moreover, the alignment tolerance as well as the maximum coupling efficiency will also depend
on the lateral dimensions of the grating [27, 90, 92]. Unfortunately, the parameter sweep within
the test chip layout is rather small. Moreover, a precise determination of absolute efficiency
is difficult, as one fiber is still manipulated using a differential driven stage and efficiency is
position sensitive.
3.5.3.2 Efficiency and Transmission spectrum
In addition to the positioning tolerance, one of the grating coupler’s main characteristic is its
coupling efficiency. Section 2.2.2 revealed that many dimensions have an influence on the
efficiency of a grating coupler. Moreover, the spectral behavior is also influenced. This section
will first briefly discuss the additional loss generated by using a grating coupler as the one
fabricated. Subsequently, the spectral behavior of the coupling gratings is discussed in detail.
Efficiency
Estimation of an efficiency value for grating couplers is difficult. In the transmission line from
the laser through the optical chip to the detector, losses occur at many places. In most cases,
precise numbers for one point of interest can only be given if the loss of the remaining trans-
mission line is known. For most of the considered parts here, the loss is not known. In order
to estimate a rough number, the values given in the following are relative numbers with respect
to a standard in-plane butt-coupling setup. This consisted of a tapered polarization maintaining
fiber for coupling to the chip, an integrated waveguide with a length of ≈ 2.5 mm and a stan-
dard single-mode fiber for coupling from the chip. The overall loss of this setup is ≈ 21.5 dB
for the best measured transmission, caused by several fiber connectors, polarization losses as
well as insertion losses from and to the chip. The same configuration was used to characterize
the grating couplers. Here, the polarization maintaining fiber was used for coupling to the chip
as well. Subsequently, an integrated waveguide with a length of 1− 2 mm was passed until
the grating coupler was reached. In contrast, the standard single-mode fiber for coupling from
the chips was positioned vertically. The best transmission value ever measured resulted in an
additional loss of 7.4 dB.
Comparison of efficiency values with those of other publications is even more difficult than
determination of additional loss in one setup. The chosen approach and the design influence the
achievable efficiency to a large extent, but also the exact measurement setup does so. As was
already pointed out, exactly the same approach, implementing grating couplers within the same
patterning step as the waveguides, could not be found in literature. Most comparable designs are
the ones of Bruck and Hainberger [27] and Wang et al. [76], utilizing polyimide and a hybrid
polymer with properties similar to Ormocore. The grating is thereby patterned via embossing
and consecutive silicon nitride application before the waveguide is patterned atop. The best
overall coupling efficiency from a single-mode fiber to chip and back to a single-mode fiber
was reported to be 19.8 dB by Wang et al. [76]. In this case, neither the given chip layout nor
the present measurement setup allow to perform exactly the same experiment. If the efficiency
is assumed to be comparable for coupling from and to the chip, which is feasible [87], the
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overall efficiency here should also be in the same order as the results reported.
Waveguide Resonances
The maximum coupling efficiency is only one parameter of a coupling structure. As mentioned
in section 1.1, bandwidth is another crucial factor to enable the application of grating couplers
in integrated optical systems. Section 2.2.2 discussed the influence of design parameters on the
achievable efficiency and bandwidth. Namely the grating itself, the waveguide reflector and
the bottom cladding thickness determine the bandwidth for the theoretically considered design.
The latter one has a major contribution as the cladding thickness has to be comparably large,
which was explained in section 2.2.2.2 in detail. In principle, any undesired back reflection of
intensity and all resonant cavities in particular, will change the transmission spectrum. For the
given coupling scheme as depicted in figure 3.33, back reflections and resonances can occur at
several positions. The influence of the major ones will be determined in the following. Some
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Figure 3.33: Schematic of the fiber coupling scheme used to characterize optical chips with the
specific lengths of the reflector lrefl and of the waveguide lwg, the heights of the
waveguide hwg, the residual layer hrlt and the cladding hcl as well as the distances
of the in-plane fiber dout and the out-of-plane fiber din to the chip
of these phenomena have already been discussed previously in the theoretical part and some
have not, mostly for reasons that they occur due to process tolerances or errors as well as layout
weaknesses. Figure 3.34 shows a characteristic transmission spectrum of the grating coupler.
Similar to the considerations regarding the bottom cladding thickness in eq. 2.22, the FSR of a
resonant cavity depends on its dimensions and the material composition. Within the transmis-
sion spectrum shown in figure 3.34, at least three effects with different FSR are superimposed.
The first shows the highest spectral modulation, thus the smallest δλw of about 470 pm. An-
other modulation with a length δλm of 8.2 nm and one which is more or less present over the
entire scan range with a FSR δλc of 39 nm can be distinguished.
In the present form, the transmission spectrum was not desired. However, the resonances of a
MRR and their shift upon an index change could also be detected within a transmission spec-
trum like the one shown.
Figure 3.35 shows a close-up of a characteristic transmission spectrum. The modulation
length δλw of ≈ 470 pm can be attributed to a reflection from the waveguide facet at the chip
edge, giving rise to a Fabry-Pérot like interference. With a refractive index of the mode neff of
≈ 1.5 , this corresponds to a waveguide length lwg of 1.67 mm. Note that the effective refractive
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Figure 3.34: A characteristic normalized coupling spectrum for the fabricated grating couplers
exhibiting modulations with different frequencies
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Figure 3.35: Close-up of a characteristic transmission spectrum of the fabricated grating cou-
plers as shown in figure 3.34 with the shortest modulation length δλw
index of the mode changes from the coupling region to the single-mode region, as the wave-
guide is tapered (cf. figure 2.7). Therefore, the given numbers are rough approximations. The
general dependence can be verified by measuring couplers with different waveguide lengths.
Reflections from the waveguide facets can also be observed when in-plane coupling is per-
formed. One example was shown in figure 2.9, were the modulation is hardly visible due to
the logarithmic scale. Reflections like this can be suppressed, e.g., by using an index-matching
fluid at the waveguide fiber interfaces, which will diminish the intensity reflected at the interface
(cf. eqs. 2.10,2.11). More sophisticated measures require a special treatment [11] or geometry
of the facet [175]. If the desired application or transducer spectrum allow to do so, it is also
possible to filter the high-frequency modulation from the measurement data.
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Bragg Reflector
In order to distinguish the additional effects, the original signal was filtered to suppress the high-
frequency contribution already discussed. Any optical resonance caused by a cavity surrounded
by two interfaces will show a modulation which relates to a full round-trip of 2πh
λ
(cf. section
2.2.2.2), where h is the effective cavity thickness. If an optical signal is frequency filtered
to determine resonances, this has to performed in the wavenumber, thus λ−1, rather than the
wavelength range.
Figure 3.36 shows the wavelength spectrum with the suppressed modulations originating form
the waveguide resonator. The remaining intensity modulation has a FSR δλm of≈ 8.2 nm. This
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Figure 3.36: A characteristic transmission spectrum of a fabricated grating coupler as shown in
figure 3.34, low-pass filtered with a cut-off frequency of 1.25 nm−1 (a) and a grat-
ing coupler with adjacent reflector in the same depth similar to the one measured
(b)
would correspond to a resonator length of about 145 µm in air or≈ 95 µm within a waveguide.
The root cause is a reflection from the end of the input waveguide in the opposite direction
of transmission. As already discussed, the grating will scatter intensity in both waveguide
directions. For vertical coupling, the grating is symmetric and therefore the intensities of the
first and minus first diffraction orders should be the same. Originally, it was planned to integrate
a waveguide reflector to make use of both scattered intensities. Due to the already mentioned
issues during RIE and CMP this could not be patterned on the master (cf. section 2.3.3). Even
if the master had shown this pattern, the replication of patterns with such a high AR would have
been very difficult as turned out later on (cf. section 3.3.1). As a backup version, a shallow
reflector was patterned with the coupler grating as can be seen in figure 3.36b. The reflection
strength from this grating is weak, as can be obtained from the simulation results shown in figure
2.17b. Even if the reflector is four times longer than the one considered for the simulation, the
amount of reflected light is still low. However, a large part of the intensity is reflected at the end
of the waveguide, which is visible in the upper right corner of figure 3.36b. It has a distance
lrefl from the grating center of 95 µm for almost all patterned couplers.
The additional modulation of the transmission signal can be suppressed by a working waveguide
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reflector. This might be of higher order to reduce the fabrication demands. Nonetheless, any
remaining intensity should be scattered from the waveguide or transmitted into regions were the
amount of back reflected intensity is negligible.
A resulting transmission spectrum of a coupler with a defective waveguide reflector as shown
in figure 3.12b is depicted in figure 3.37a. Within this transmission spectrum, no additional
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Figure 3.37: A transmission spectrum for a grating with not resolved first order reflector as
shown in figure 3.12 (a) and a fitted curve of the measured values which was used
to determine the bandwidth and the minimum wavelength shift (b). The FSR δλc of
the resonator is too large to be shown within the spectral range of the used tunable
laser source
modulation with δλm is visible. Note that the efficiency in the entire spectral range is changed
depending on the reflector end facet’s distance to the grating. For a laboratory purpose use, it
is also possible to deteriorate the reflector to such a degree, that most of the guided intensity is
scattered. This can be done by scratching the reflectors with a tip.
In general, further designs will have to consider the reflections from waveguide facets and the
scattered light in the entire optical system more carefully. This is particularly difficult as the
consideration of an entire integrated optical system yields computationally intensive FDTD
simulations.
Bottom Cladding Thickness and Residual Layer Thickness
The transmission spectrum shown in figure 3.37a shows a 1 dB and 3 dB bandwidth around
13 nm and 21 nm, respectively. These values are lower than the ones reported by Wang et al.
(32 nm (3 dB)) for a polymer waveguide [76] and by far lower than the ones achievable in
conventional SOI systems (up to 50 nm (1 dB)) [176].
In general, the bandwidth limitation due to the grating used here should be superior to the
ones in SOI or polymer waveguides which use large off-vertical coupling. The bandwidth is
related with the involved grating lines used for scattering. The more grating lines are used, the
larger is the detuning due to a wavelength shift, as a wave scattered in the start of the grating
will not be in phase with the one emitted at its end. The design proposed here only comprises
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9− 12 grating periods, whereas SOI systems have to use 20− 25 periods due to the larger re-
fractive index of silicon and, thus, the larger neff of the mode.
However, the bandwidth of the patterned polymer grating couplers is smaller than the ones
shown for SOI. This is due to the large substrate cladding thickness hcl. This was about
≈ 18 µm for all transmission results shown so far. The application of the silicon dioxide sub-
strate cladding was done with a Centura PECVD system (Applied Materials). The thickness
was chosen to minimize substrate leakage of the propagating modes within the straight and
curved waveguides. As was pointed out in section 2.2.2.2, the bottom cladding cavity generates
a modulation of the transmission spectrum which is superimposed with the one of the grating.
The FSR is therefore related to the total cavity thickness heff (cf. figure 2.20a). A cladding
thickness of 18 µm ends up in a modulation with a FSR δλc of about 39 nm. This is in agree-
ment with the fitted curve shown in figure 3.37b.
Most likely, a reduction of the cladding thickness will increase the bandwidth of the polymer
grating couplers, as the caused modulation dominates the one originating from the grating itself.
In addition to the already discussed bandwidth, also the center wavelength λopt, which shows
best transmission, must be influenced. It should, to a certain extent, be fixed to the wavelength
required by the targeted application. For MRRs it does not necessarily have to be fixed to one
wavelength, as the resonator’s resonances appear throughout a broad spectral range. However,
other elements may require single wavelength operation.
As is given in equation (2.21), λopt is not only dependent on the substrate cladding thickness
hcl, but further on the residual layer thickness hrlt, the waveguide height hwg and the grating
depth dg. All these factors are influenced by the fabrication process. Changes to the RLT as well
as the waveguide height will cause an additional wavelength shift as neff of the mode changes.
However, as their influence is rather small (cf. figure 2.12), it is feasible to discuss the devia-
tions in the following only with respect to heff .
Figure 3.38 shows the position of the transmission minimum along the estimated overall stack
thickness. The minimum position has been estimated by fitting a function I = a sin2
(
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Figure 3.38: Intensity minimum wavelength of 45 grating couplers depending on the estimated
overall thickness of the SiO2 cladding hcl, the residual layer hrlt and the waveguide
height hwg measured by means of spectral reflectrometry
d to the measured values, where a, b, c, d are constants to be determined. Note that this is only
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possible if reflections at further slab interfaces than the cladding-substrate are neglected. The
fit was used to suppress the modulations originating form the waveguide reflections discussed
previously. The overall thickness was determined by using the aforementioned spectral reflec-
tometer. This is a rough estimation due to two factors: firstly, with the used measurement
accuracy it is difficult to fit the different slab thicknesses within the stack. Hence, only the
optical path length within the stack heff can be determined. However, this gives a good ap-
proximation if the dispersion of the different materials does not vary too much for the visible
to the NIR range. Secondly, the measurement cannot be performed directly on the grating but
on an adjacent dummy field. The height of this may differ from the one of the grating wave-
guide. However, the measured spectra shown in 3.38 do show a clear dependence on the overall
thickness as expected. For the present δλc the wavelength shift of over 20 nm would result in
a complete change from maximum to minimum transmission for a given wavelength. To be
able to produce the given couplers with a yield in terms of efficiency, heff variations have to be
minimized. The modulation from one maximum to another will require ∆heff = λ2 . To ensure
a rather high transmission, the allowable overall deviations can be set to ∆heff = λ10 . For the
measured results this would lead to an additional loss of roughly 1 dB. The thickness variation
∆heff has to be shared by the deviations caused by the different layers. Note that the deviations
might not include the off-target as this can also be compensated for within other process steps.
E.g., a change of the waveguide height due to shrinkage or a the silicon dioxide cladding thick-
ness can to some extent be compensated by tuning the RLT. Hence, ∆heff , not exclusively, but
mainly, considers uniformity. Unfortunately, there are many factors of influence. Most notably,
the waveguide height is influenced by the RIE and the abrasion caused by CMP (cf. section
3.2) and the RLT is changed due to pattern density variations (cf. section 3.4.3). Moreover, the
PECVD deposited silicon dioxide cladding shows a significant variation throughout a wafer.
Figure 3.39a illustrates the variations along one imprint site for a total cladding thickness of
≈ 18 µm. The present deviation alone would take up the full allowable ∆heff . Figure 3.39b
shows the cladding variations for different target thicknesses. It is clearly visible that the varia-
tion scales with the total thickness and is therefore a systematic error. The thickness distribution
shown in figure 3.39a as well as further measurements suggest that the deviations are somehow
related to the shower head design within the PECVD chamber. The reduction of the overall
thickness will reduce variations and is therefore desirable. However, the lower limit of around
4 µm is given due to the rising substrate leakage (cf. figure 2.20b). Even for this thickness the
peak-to-peak deviation within a full wafer is still as high as the allowable ∆heff .
However, with the considered approach and the measured variations of the single process
steps, it is hardly possible to maintain all the thickness values within the desired range of ∆heff .
The easiest way to circumvent the reflection from the substrate direction is to avoid the reflection
from the cladding-substrate interface. This can e.g. be accomplished using fused silica wafers,
which may additionally be treated at the backside to minimize reflections. Moreover, an anti-
reflective layer or layer stack can be applied at the interface, e.g., a silicon nitride slab with
defined thickness [27]. An additional loss in the range of ≈ 3 dB is generated, if the intensity
transmitted into the substrate direction is not reflected.
Other Resonant Cavities
Transmission modulations due to the waveguides adjacent to the coupler in both directions as
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Figure 3.39: Thickness variation of the PECVD deposited silicon dioxide used as a lower
cladding along one single chip7 with 18 µm overall thickness (a) and the varia-
tions (◦ = standard deviation, ∗ = maximum - minimum) on a full 6 in wafer with
5 mm edge exclusion for various target thicknesses (b)
well as the bottom cladding have been considered so far. Additionally, resonant cavities are
formed by the grating coupler surface and the waveguide facet with respect to the connected
fibers. The dimensions are given by dout and din for the respective out-of-plane and in-plane
interface as shown in figure 3.33. Firstly, the waveguide facet used for coupling from the chip
is considered. Similar to the reflections at the waveguide-air interface, also reflections from
the air-fiber interface can be diminished using an index-matching fluid. The vertical coupling
interface from fiber to chip also causes a modulation of the transmitted intensity. Similar to
the phenomena considered previously, the modulation again depends on the cavity size din and
the wavelength λ. Figure 3.40 shows the relative transmission intensity depending on the rel-
ative distance from the fiber to the chip. An overall modulation of approximately ±5 % can
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Figure 3.40: Dependence of the overall transmission on the lateral distance din of the single-
mode fiber to the grating coupler
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be observed. Unfortunately, the application of an index-matching liquid is not possible at this
interface. The coupling efficiency of the grating strongly depends on the index contrast at the
gratings’ interface, as discussed in section 2.2.2.3. An index-matching fluid would reduce the
contrast and therewith also the gratings’ efficiency.
It is crucial for device fabrication to know the dependence of design and process parameters
upon the coupling efficiency. For the precise determination of it, the shown behavior has two
implications. Firstly, the relative vertical fiber position has to be controlled within a precision
of < 200 nm to avoid a modulation > 1 %. Secondly, for the given design there is no optimum
distance between the grating and the fiber. This would be the case when the coupling efficiency
rises to a maximum and drops again if the distance is reduced further. This implicates that the
fiber mode profile was not matched well with the gratings’ and waveguides’ lateral dimensions.
However, for the determination of the efficiency, this means that a certain distance has to be
maintained during the measurement. Any contact of the fiber with the grating must be avoided.
Otherwise, one or the other may be polluted or damaged. In principle one can determine the dis-
tance from two transmission spectra taken at two different distances. The displacement should
not be a multiple of the FSR of the formed cavity. Subtracting the two spectra from each other
yields a signal with a modulation length equal to the FSR. In this way the distance can be cal-
culated and later on be manipulated to a certain value. This procedure requires some effort, as
not only the intensity has to be monitored, but two spectra have to be obtained.
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4 Conclusion and Outlook
The production of efficient and dense gratings for coupling light from and to polymer wave-
guides was subject of the present work. The proposed design and fabrication scheme described
within this work offers a large potential for further improvement. Based on the experimental
results, improvements of design, master fabrication and imprint will be discussed in the follow-
ing. This can be understood as a basis for future works as well as concepts and includes precise
instructions for changes which could not be implemented so far.
4.1 Conclusion
This work has shown a possible route to fabricate efficient, positioning-tolerant and compact
coupling elements for single-mode polymer waveguides. The content spans from the optical
simulation of the necessary patterns, the fabrication using direct patterning to their optical char-
acterization.
As one basic element of an integrated optical chip is a waveguide, the guiding properties of
polymer waveguides were investigated in section 2.1.1. The material to be considered was Or-
mocore, a commercially available UV-curable polymer. The comparably high refractive index
facilitated the use of waveguide dimensions of only 2× 2 µm. Process-inherent deviations of
the desired design were taken into account and their influence on the optical properties of the
waveguides was discussed in detail. This can be seen as a major contribution within this sec-
tion, which gives concrete margins of the allowable fabrication tolerances. Depending on the
calculated margins, direct patterning of polymer waveguides using NIL is a suitable method as
long as the only concern is single-mode operation.
The decision for a suitable coupling pattern, to some extent, depends on the optical elements
integrated further within the chip. Therefore, a short overview of the basic transducer element,
the MRR, was given in section 2.1.2. Not only the MRR’s optical characteristics influence
the performance which has to be provided by the coupling elements, but also the design has
got implications on the production process. The gap dimensions between the straight and the
ring-shaped waveguide is of utmost importance and adds one of the most critical boundary
conditions in terms of lateral resolution and aspect ratio. Based on a rough overview of pos-
sible coupling schemes, most of which were proposed for SOI systems, grating couplers were
chosen as they seemed to be best suited for the targeted application. In contrast to previous
publications, a monolithic integration of shallow gratings atop the waveguides was chosen for
two reasons: firstly, the index contrast at the polymer-air interface is higher than the one at the
substrate-waveguide interface. As was discussed in detail in section 2.2.2.3, this has a major
influence upon the achievable efficiency. The proposed setup is therefore able to provide su-
perior performance compared to bottom grating architecture, which has been discussed within
other publications. Secondly, the monolithic integration facilitates the fabrication of waveguide
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couplers within one single fabrication step. This reduces the demands on the required equip-
ment and also accounts for a possible extension to R2R imprint as the overlay is no longer a
major concern. The dimensions of the proposed grating coupler are inherently connected with
the used material. Therefore, a detailed simulation of the grating couplers’ parameters for Or-
mocore was shown in section 2.2.2. The considerations did not only consider the achievable
optical properties, but are also the basis for the further pattern fabrication. The major design
parameters and process windows are given in table 2.3, which can also serve as a starting point
for further optimizations.
The fabrication of multilayer patterns, thus waveguides with embedded gratings, was done us-
ing direct patterning NIL. All involved process steps were selected to, in principle, allow for
scalability, even if upscaling was not the main focus of the present work. The replication of
multi-layered or even three-dimensional patterns is an intrinsic feature of NIL. However, the
fabrication of appropriate master patterns is a major issue. The shown scheme could be suc-
cessfully used for the fabrication of the master structures needed, even if the tolerances could
not be maintained for every design parameter. For the given demands, the use of EBL seems
be superior to the one of i-line projection lithography as it allows a faster and, to some extent,
cheaper optimization cycle. Nevertheless, the results obtained for wafer stepper exposure could
already be used within other projects. CMP has turned out to be the weakest fabrication step.
Similar to a mask for optical lithography, a master is an extremely valuable object in the entire
process flow of NIL. To account for this, a copy of the master was used to serve as a mold for
imprint. The collection and comparison of different polymers, especially for the replication of
high aspect ratio patterns, was one important part of the experimental work. A comprehensive
comparison, even of commercially available materials, is difficult to find in the literature. The
results shown in section 3.3.1 are one way to compare at least some of the interesting materials
although there are many more options. MINS 311 RM can clearly be seen as the most suitable
for the patterns shown here. Especially the high mechanical strength as well as the intrinsically
low surface energy are superior to other materials, even if the aspect ratio to be replicated is
still low. The integration of polymer molds within a step-and-repeat imprint setup was another
topic of investigation. The main issue is to find an imprint and mold setup which guarantees a
conformal contact, but simultaneously has a high mechanical strength to reduce the RLT inho-
mogeneity. The achieved imprint results are not yet satisfactory to be able to perform high-yield
mass production. Most importantly, it could be ascertained that a polymer backbone or cushion
layer, which has been proposed many times in other publications, will not lead to better imprint
results especially for arbitrary layouts.
The optical characterization of the fabricated polymer waveguides, provided in section 3.5,
gives the experimental evidence of their single-mode operation. Moreover, the operation of the
fabricated grating couplers could be proven experimentally. The achieved efficiencies are com-
parable to already reported ones or even superior. Remaining differences, which may influence
the spectral response as well as the efficiency, are due to pattern deviations or lacks in the chosen
design, both of which show a large potential for possible improvements. Some of the crucial
design parameters have already been pointed out throughout the optical characterization.
In conclusion, this work was able to design, fabricate and characterize coupling devices for
fiber-to-chip coupling in integrated single-mode polymer waveguides. For the given material
system this is unique.
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4.2 Outlook
The consideration of design, master fabrication, imprint and characterization revealed many
process weaknesses, which will be in future works. In the following, some of the important
remaining issues should be mentioned and, to some extent, approaches to improve or even
avoid them are discussed.
4.2.1 Design
The design of the integrated optical chip can be discussed regarding the optical performance,
the fabrication process as well as the principle architecture.
The characterization of the fabricated grating couplers clearly showed the necessity to not
only consider the desired light interaction with the given patterns, but also to take care about
reflections and stray light. As the efficiency of the coupling elements is still low, light scattered
into the cladding and substrate may cause non-negligible cross-talk between adjacent transmis-
sion lines. Moreover, the back-reflections at waveguide facets (cf. section 3.5.3.2) have to be
avoided, e.g. using oblique waveguide ends. A thorough investigation and minimization of the
back-reflections caused by the gratings should also be included in future works, this may require
the use of an off-axis coupling scheme [87]. In general, the integration of defined absorbers to
handle stray-light in integrated polymer chips might be useful.
The dependence of the output spectrum upon the cladding thickness was shown in equation
(2.19). As already discussed, the inhomogeneity of the cladding and RLT have to be minimized
drastically. The pattern density has a strong influence on the RLT (cf. figure 3.27). It should
therefore be kept within closer margins, including the defined placement of dummy patterns.
A more general design change would be the use of fully etched gratings for coupling, which
were already proposed for SOI [19]. The use of only one height level would drastically simplify
the fabrication process. However, an efficient first order grating coupler would require aspect
ratios of approx. 4. With the current technology it is unlikely that these can be replicated.
This also holds true if a first order reflector should be replicated (cf. section 3.4.3). As the
master fabrication for such a structure is one of the crucial design points, future designs should
use higher order reflectors with the distinct goal to reduce the patterns aspect ratio. Possible
designs were outlined in section 2.2.2.1.
Instead of optimizing both, waveguide and bottom reflector, the application of a high RI overlay
should be preferred. The use of a silicon overlay was simulated to allow efficiencies up to 35 %.
This would correnspond to an enhancement factor of roughly 18, whereas the respective value
for both reflectors would be below 2.
The necessary alignment accuracy between single-mode fibers and integrated waveguides
could be successfully extended with the fabricated structures. Nevertheless, a positioning toler-
ance in the range of several µm (cf. figure 3.32) still requires an additional alignment strategy.
Many of the solutions shown previously in other publications focused on the integration of
alignment features for in-plane coupling [177–180]. A different solution for out-of-plane cou-
pling could be found in the scheme depicted in figure 4.1, which was already proposed in a
similar fashion previously [181–183]. Herein, a TSV serves as a passive alignment feature for
the fiber. The configuration further allows the separation of the optical coupling scheme and a
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Figure 4.1: Waveguide coupled to a single-mode fiber (SMF) through the wafer’s back side
using a grating coupler and a TSV for passive fiber alignment
micro-fluidic cell which can be patterned on the top side.
Also the integration of active optical elements like lasers seem to be possible by using DP-NIL
similar to the one shown within this work [184, 185].
4.2.2 Master Fabrication
As mentioned, deviations caused by the master fabrication have a large room for improvement.
The most critical process step can be seen in the planarization of the template before the second
lithography. Even with further improvements, CMP most likely would not be able to allow
the patterning within the given tolerances. So either the planarization can be performed using
different methods or it should be avoided completely. The application of spin-on planarization
layers has been proven to avoid pattern abrasion [42]. However, the ability of spin-on materials
to smooth-out arbitrary topographies is limited.
Another possibility to reduce the surface topography of a pre-patterned substrate might be the
use of NIL itself. If a reverse imprint is performed, i.e. if the resist is intended not to be released
from the patterned silicon, the trenches can be filled up with a resist. The results of a rather basic
experiment are shown in figure 4.2. Before etching the pre-patterned substrate for another time,
the RLT has to be removed. This can either be done before the application of a resist layer for
lithography or after patterning it. In both cases, the RLT inhomogeneity is of importance for
the obtainable results. Optimization of RLT homogeneity, as was already discussed within this
work, is also necessary.
Depending on the process scheme and design, the use of a planarization layer may not be
necessary. The major purpose of the planarization layer is to reduce step-heights within a pat-
terned substrate, mostly due to the afore discussed dependency of the pattern dimensions upon
resist thickness (cf. section 2.3.1.1). During the fabrication scheme which was followed within
this work, the waveguides, thus the deepest patterns, were etched first. The resulting large step
height can be reduced if the etch steps of the gratings and the waveguides are swapped. If
EBL is used to expose the resist, which is less sensitive to a respective thickness inhomogene-
ity compared to i-line projection lithography, a surface planarization may no longer be required.
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Figure 4.2: Silicon surface planarization by defined trench filling using NIL (unpatterned mold:
MD 40; resist: UVcur21SF)
4.2.3 Imprint
The replication of the desired patterns was difficult and still reveals issues in its current state.
For a potential mass production, the edge exclusion area of an imprint site has to be minimized.
This was introduced to avoid the edge-effects originating from the pressure drop at the mold
edge (cf. section 3.4.3). The area which is influenced by the edge correlates to the imprint
pressure. The reduction of the applied imprint pressure is therefore desirable. This may require
an improvement of the molds’ planarity.
As was outlined, the mold has to achieve conformal contact over its entire area. Flexible poly-
mer working stamps can account for this problem even on relatively inhomogeneous surfaces.
In contrast, the reduction of the RLT inhomogeneity for arbitrary layouts demands stiff mold
materials. These two contrary trends require an optimization of the mold stack used for imprint-
ing. As the fabrication of different mold stacks, which will most likely also include different
materials, is a sophisticated task, the prediction of their imprint performance using simulation
is highly desirable.
Despite other factors, the shrinkage inherent to UV-curable polymers limits the achievable di-
mensions using DP-NIL. A distinct investigation of polymer shrinkage, including its depen-
dence upon pattern size, shape and RLT is a prerequisite for establishing highly reliable pro-
cesses. Moreover, the influence of a working mold upon the pattern transfer fidelity needs to be
analyzed quantitatively. The same holds true for the mold lifetime and possible degradations.
For step-and-repeat imprinting, the mold lifetime is of increased importance, as several tens or
even hundreds of imprints have to be performed to pattern one single wafer.
Also, the aspect ratio within the mold as well as the imprint achievable so far should be subject
to enhancements in the future, as there is a clear demand for those patterns in many applications.
Here, a detailed analysis and understanding of the surface interactions is inevitable.
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